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Al Introduction

This appendix documents the use of groundwater flow and contaminant fate and transport
modeling to support the Quendall Terminals Site (Site) Feasibility Study (FS). The
primary objective of FS groundwater modeling is to simulate groundwater flow and
contaminant fate and transport at the Site to support the following FS tasks:

e Development and evaluation of FS remedial alternatives, including: 1) how
technologies addressing groundwater contamination may be applied to achieve
the preliminary remediation goals (PRGs) for one or more of the four primary
chemicals of concern (COCs); 2) estimating the relative restoration timeframe;
and 3) estimating the relative reduction in the volume of contaminated
groundwater (groundwater plume volume), contaminant mass, and contaminant
mass flux; and

e Evaluation of conceptual dewatering design, including pumping and drawdown
estimates for construction dewatering, to support cost estimating.

Groundwater modeling simulations are discussed and the results evaluated in Sections 3,
6, 7, and 8 of the main text of this FS. Section 3 includes a description of the geologic
conditions and hydrogeologic conceptual site model (CSM) that form the basis for the
groundwater flow model. In Section 6, which assembles and describes 10 remedial
alternatives, the groundwater model is used to develop conceptual design parameters such
as dewatering flowrates and treatment areas. Modeling predictions of alternative
effectiveness at restoring groundwater (including achieving groundwater maximum
contaminant levels [MCLs], reducing the volume of contaminated groundwater, and
reducing the flux of contaminants in groundwater) are used in the detailed analysis of
alternatives in Section 7 and the comparative analysis of alternatives in Section 8.
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A2 Groundwater Model Background

FS groundwater modeling is based on the groundwater flow and contaminant fate and
transport model originally developed in support of the Site’s Remedial Investigation (RI)
Report (Anchor QEA and Aspect 2012). The groundwater model is a MODFLOW-based
(MacDonald and Harbaugh 1988), three-dimensional numerical model of groundwater
flow across the Site. The groundwater model uses the code MT3DMS (Zheng and Wang
1999), an update to the original MT3D code (Zheng 1990), to simulate contaminant fate
and transport. Documentation of the construction and calibration of the groundwater
model used to support preparation of the Rl Report is provided in Appendix D of the RI
Report (Anchor QEA and Aspect 2012).

The original RI groundwater model that was developed and described in Appendix D of
the R1 Report (Anchor QEA and Aspect 2012), has been refined and used for two general
purposes in the FS:

1. Development and evaluation of FS remedial alternatives. This FS groundwater
modeling task used modifications to both the groundwater flow and contaminant
fate and transport components from the RI groundwater model to produce the
groundwater model results described in Section A3 of this appendix.

2. Evaluation of FS conceptual dewatering design criteria. This FS groundwater
modeling task used modifications to only the groundwater flow component of the
RI groundwater model to produce the groundwater model results described in
Section A4 of this appendix.

The groundwater model structure, groundwater flow boundary conditions, and flow
parameters used to perform groundwater modeling tasks in the FS remain unchanged
from those used in the RI groundwater model with the following exceptions:
modifications to the grid to increase vertical resolution and the addition and/or
modification of boundary conditions and parameters to simulate elements of remedial
alternatives or dewatering systems consistent with the description of the alternatives
presented in Section 6 of the FS. The specific structural modifications to the groundwater
model used to evaluate FS remedial alternatives and determine FS dewatering design
criteria are detailed in Sections A3 and A4 of this appendix, respectively.

Several groundwater modeling evaluations specific to Alternatives 9 and 10 were
completed early in the FS process using slightly different groundwater model
assumptions and construction than the analyses described in Sections A3 and A4.
Differences in the groundwater model include different initial concentration conditions
and local grid discretization. These earlier evaluations included optimizing the conceptual
design of a pump and treat polishing system for Alternative 9, determining construction
dewatering design criteria for Alternatives 9 and 10, and evaluating the potential effect of
Deep Aquifer heterogeneity and potential excavation residuals on restoration timeframe
on Alternative 10. For these analyses, we do not expect that the differences in the
groundwater model construction significantly affect the results or conclusions; therefore,
these earlier evaluations were not reanalyzed using the updated groundwater model
described in Sections A3 and A4. Groundwater model construction and results for these
earlier evaluations are described in more detail in Section Ab5.
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A3 Evaluation of Remedial Alternatives

The FS groundwater model was used to simulate changes in concentrations of the four
primary COCs (benzene, benzo(a)pyrene?, naphthalene, and arsenic; refer to Section 3.5
of the FS main text) in Site groundwater following implementation (i.e., completion of
construction) of individual remedial alternatives. The groundwater modeling approach
used for this evaluation was a four-step process as follows:

1. In the first step, the distribution of dense non-aqueous phase liquid (DNAPL)
observed at the Site (Section 3 of the FS main text) was represented as a source
of contamination in the groundwater model by placing constant groundwater
concentration boundary conditions (based on existing Site data) in the
groundwater model cells corresponding to DNAPL-impacted soil.

2. In the second step, the groundwater model was run for 100 years to simulate the
time since the creosote plant began operation, and to “propagate” the dissolved
phase plumes. The propagated plumes were used to generate an approximate
representation of the Site’s downgradient pre-remediation concentration
distributions for each of the three primary hydrocarbon COCs (benzene,
benzo[a]pyrene, and naphthalene) derived from the hydrocarbon source?.

3. Inthe third step, the hydrocarbon source (constant groundwater concentration
boundary condition) and the pre-remediation concentrations of each of the four
primary COCs were modified to reflect implementation of the remedial
alternative being evaluated to generate a post-remedy initial condition and
boundary conditions for each of the alternatives. For example, for an area where
DNAPL would be removed as part of an alternative, the hydrocarbon source
(constant groundwater concentration boundary condition) was removed and the
pre-remediation concentrations of each of the four primary COCs were set to zero
(conservatively assuming no residual soil or groundwater contamination
remaining following remedial construction).

4. In the fourth step, the FS groundwater model was then run using those post-
remedy boundary conditions and initial conditions for an additional 100 years to
predict the groundwater concentrations of the primary COCs, 100 years following
completion of construction of the remedial action.

This groundwater modeling evaluation is intended to be used as a predictive tool to
provide relative results based on a consistent set of assumptions for comparative
evaluation of the range of remedial alternatives. Simplifying assumptions were made in
order to represent the complexities of Site conditions in the groundwater model and
simulate the transport of the primary COCs. Because of the simplifying assumptions, the
groundwater model results should be viewed as an approximate representation of actual

! Benzo(a)pyrene is modeled to represent total carcinogenic polycyclic aromatic hydrocarbons
(cPAHs; as a benzo[a]pyrene equivalent).

2 The term “hydrocarbon source” is specific to the groundwater model. “DNAPL source” is a more
general term and is used in the main text.
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outcomes (see Section A3.2.3 for examples that illustrate the differences between
modeled and actual conditions). Therefore, results should be used to compare the relative
benefit of different alternatives rather than as absolute predictions of actual outcomes.

The sections listed below and that follow, describe construction and use of the FS
groundwater model in the evaluation of the remedial alternatives:

e Section A3.1 describes the modifications to the RI groundwater model used to
develop the FS groundwater model;

e Section A3.2 describes the methods used to establish contaminant fate and
transport boundary conditions and initial conditions;

e Section A3.3 details the alternative-specific modifications to the groundwater
model to evaluate the effect of different remedial technologies;

e Section A3.4 describes groundwater modeling conducted to aid alternative
development;

e Sections A3.5 describes simulation of the alternatives;
e Section A3.6 describes results of the alternative evaluation; and

e Section A3.7 documents the sensitivity analysis.

A3.1 Modifications to Develop FS Groundwater Model

The following modifications were made to the groundwater flow and contaminant fate
and transport components of the Rl groundwater model to develop the FS groundwater
model. The modifications include both structural modifications and updates to
contaminant fate and transport parameters as described below.

A3.1.1 Structural Modifications
Structural modifications were made to the RI groundwater model to facilitate its use for
evaluation of remedial alternatives in the FS. The groundwater model developed for the
FS includes inserting 19 additional layers to increase vertical resolution for simulation of
remedial alternatives that include solidification (Alternatives 3, 5, 6, 7, and 9). Eight
additional groundwater model layers were added by evenly splitting layers 3 (top of the
Shallow Aquifer) through 10 (deepest layer) of the RI groundwater model in half. The
top layer of the Deep Aquifer was then subdivided by adding two, 2- to 3-foot-thick,
layers at the top of the Deep Aquifer to facilitate simulation of DNAPL at the top of the
Deep Aquifer. The geometry of hydrostratigraphic zones and groundwater model
boundaries were unchanged. The grid change was applied to all remedial alternatives to
maintain consistency for volume calculations.

A3.1.2 Transport Parameter Modifications
The contaminant fate and transport parameters for the hydrocarbon primary COCs used
in the FS groundwater modeling were consistent with assumptions used in the RI
groundwater model. For the FS analyses, transport of arsenic was added, assuming a
sorption coefficient (Kq) of 29 liters per kilogram (L/kg) as presented in the Washington
State Department of Ecology (Ecology) Model Toxics Control Act (MTCA) regulation
(Washington Administrative Code [WAC] 173-340-900 Table 747-3). Arsenic decay was
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not simulated because arsenic does not decay. These parameters are presented in
Table A-1. While parameters remained unchanged from the RI version of the
groundwater model, a few select parameters were re-evaluated in detail to ensure they
satisfy the purposes of the FS; those evaluations are discussed in the sections below.

A3.1.2.1 Contaminant Degradation

The value used for the half-life of benzene was re-evaluated because the half-life has a
large effect on the groundwater model results as is shown in the sensitivity analysis
(Section A-3.7). As described below, benzene likely undergoes biodegradation in Site
groundwater under anaerobic conditions. A benzene half-life value of 720 days was used
in both the RI and FS groundwater models and is our best estimate of anaerobic
degradation of benzene on the Site. This best estimate and the range of half-lives used in
the sensitivity analysis are consistent with those in applicable published literature under
anaerobic conditions. A review of Site groundwater conditions, a summary of half-lives
used in previous Site evaluations, and a discussion of the half-life values used in the FS
based on an updated literature review are provided below.

e Review of Groundwater Conditions. At low dissolved oxygen (DO) levels
(e.g., 1 mg/L), anaerobic respiration is the dominant biodegradation mechanism
(Aaronson 1997). Site RI data show very low DO concentrations (average of 0.77
mg/L, minimum of 0.2 mg/L, maximum of 1.99 mg/L, standard deviation of 0.47
mg/L, and a median of 0.62 mg/L) for all wells sampled in 2008 and 20093; see
Table A-2) that are consistent with anaerobic conditions. Other groundwater
conditions observed at the Site, such as elevated dissolved iron, also indicate
anaerobic conditions. Anaerobic conditions are common at sites containing
significant sources of organic carbon, which serve as a food source for indigenous
bacteria. At the Site, both natural (e.g., peat) and anthropogenic (e.g., DNAPL)
sources of organic carbon are present.

e Summary of Half-Lives Used in Previous Site Evaluations. Previous transport
modeling of the Site by Retec 1998 used column testing results reported in a
treatability study (Retec 1997) and literature values reported in the Handbook of
Environmental Degradation Rates (Howard et al. 1991) as a basis for degradation
rates, as follows:

= Aerobic Conditions: Retec modeled degradation for an aerated treatment
system using a range of half-life values based on aerated column testing
results and aerobic rates reported in Howard et al. 1991. The test
protocol for the treatability study column testing was designed to
simulate conditions representative of the peak performance achievable
from an aeration system; therefore, influent DO concentrations to the test
columns were maintained at 6 mg/L.

= Anaerobic Conditions: Anaerobic benzene half-lives considered by Retec
1998 were based on the values reported in Howard et al. 1991, ranged

3 Data collected in 2008 and 2009 are considered most representative of Site conditions for two
reasons: 1) they are the most recent available data and 2) some of the older groundwater data was
collected using bailers, which can bias DO measurements high.
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from 112 to 720 days. However, Retec assumed no degradation for
model simulations that represented no aeration.
Half-lives based on the Retec treatability study column test results are not
representative of current conditions at the Site because DO measured on site is far
less than what would be expected under aerated conditions. Therefore the values
resulting from column testing were not considered for the RI or FS groundwater
model.

¢ FS Half-Lives Values Used Based on Updated Literature Review. For the FS,
an updated review of the literature for anaerobic biodegradation was conducted.
A more extensive review of laboratory and field studies is provided in Aronson
1997. This review indicated anaerobic half-lives for benzene determined under
field studies ranged from 220 days to no degradation.

The longer of the anaerobic half-life values reported in Howard et al. 1991 (720
days for benzene) was selected as an appropriate mid-range value for the FS
groundwater model, based on the range of half-life values derived from
representative field studies (Aronson 1997). The 720-day half-life is the same that
was used in fate-and-transport modeling for the RI Report (Anchor and Aspect,
2012).

A sensitivity analysis was also performed (discussed in Section A3.7) which
included a shorter half-life for benzene (112 days) that is based on laboratory
studies (Howard et al. 1991). This value is lower than the shortest half-life rate
(220 days) derived from field studies reviewed by Aronson 1997.

Representative half-life values for naphthalene and benzo(a)pyrene where derived
similarly, as follows:

= Retec 1998 assumed values for chrysene were representative of
benzo(a)pyrene. This assumption was retained for the Rl and FS
groundwater models. The longer anaerobic half-life reported for
chrysene in Howard et al. 1991 (4,000 days) was assumed for
benzo(a)pyrene in the FS groundwater model; the shorter anaerobic half-
life for chrysene reported in Howard et al. 1991 (1,484 days) was used as
the lower bound in the sensitivity analysis.

= Only one anaerobic half-life for naphthalene was reported in Howard
1991 (258 days); therefore, this value was used for the FS groundwater
transport modeling. To arrive at the lower bound for the naphthalene
half-life sensitivity analysis (40 days), the naphthalene half-life was
reduced an amount proportional to the reduction of the benzene half-life
(84 percent).

Fill Sorption Coefficient (Kd)

The sorption coefficient (Kq) parameter defines sorption processes in the groundwater
transport model, and Kq values used in the groundwater model are based on the fraction
of organic content (foc) assumed in each hydrostratigraphic unit. The groundwater model
uses the same Kj in the fill as in the Deeper Alluvium. Previous modeling at the Site
(Retec 1998) assumed a Kq value in the fill that is equal to the value in the Shallow

A-6
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Alluvium because a higher foc was assumed in the fill due to the presence of woody
debris. While a Kq value based on a higher fo,c may be more appropriate for some
materials in the Fill Unit, the difference in Kq in the fill is expected to have a de minimis
effect on the groundwater model results because the fill is only partially saturated and the
saturated fill makes up a very small portion of the active model domain. Therefore, the
Kq value used in the RI groundwater model was retained in the FS groundwater model
and considered adequate for the purposes of the FS.

A3.1.3 Simplifying Assumptions
The FS groundwater model makes two simplifying assumptions that were evaluated for
the FS. These assumptions are as follows:

1. Homogeneous Deep Aquifer. The groundwater model assumes the Deep Aquifer
is homogeneous when in actuality it contains lenses of lower permeability
material, particularly in the upper portion of the deep aquifer, where higher
concentrations may persist for a longer duration than what the groundwater model
predicts for the assumed homogeneous materials. The nature of heterogeneity is
discussed in more detail in section A5.1.1.

2. No Excavation Residuals. When simulating excavation of contaminated soil, the
groundwater model assumes that no residual groundwater or soil contamination
remains in the excavated volume after construction. Groundwater model
simulation of excavations is discussed in Section A3.

These assumptions were also included in the RI version of the groundwater model and
were not modified; however, they are mentioned here because they may have a
significant effect on the potential for the most aggressive alternatives to achieve drinking
water MCLs for Site COCs, and the results of the evaluation of remedial alternatives
should be considered with this in mind. Any contribution to concentrations from fine-
grained layers or excavation residual would be in addition to the groundwater-model-
predicted concentrations resulting from this remedial alternative evaluation presented in
Section A3.6. The effect of these simplifying assumptions on the groundwater model
results was evaluated in a sensitivity analysis conducted during groundwater modeling
early in the FS process, as discussed in Section A5. Based on the sensitivity analysis, the
FS groundwater model likely underpredicts restoration timeframes for recalcitrant
compounds (e.g., benzo(a)pyrene and arsenic) and therefore should be viewed as a best
case scenario. The restoration timeframe for more easily degraded compounds (e.g.,
benzene) is less sensitive to these parameters.

A3.1.4 Modifications to Simulate Remedial Actions
The contaminant fate and transport parameters discussed above are intended to simulate
current Site conditions. In some cases however, contaminant fate and transport parameter
values were changed specific to individual remedial technologies as described below in
Section A3.3: Groundwater Model Simulation of Remedial Technologies and Section
A3.5: Groundwater Model Simulation of Remedial Alternatives. Changes to contaminant
fate and transport parameters as part of the sensitivity analysis are described in Section
A3.7.
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A3.2 Initial Conditions and Hydrocarbon Source
Boundary Conditions for FS Remedial Alternatives

Initial conditions for each remedial alternative groundwater model run were developed to
represent concentrations of the four primary COCs throughout the Site immediately
following implementation of the alternative (see Section 6 of the FS main text for
detailed descriptions of each alternative).

These initial conditions are specific to each alternative and vary depending on how
implementation of an alternative is expected to alter the pre-remediation concentrations.
This subsection describes the manner in which the pre-remediation (present day)
concentrations were established and how they were then modified to establish post-
remedy initial conditions (i.e., represent Site conditions immediately following
completion of construction of the remedial action) for each alternative.

A3.2.1 Initial Conditions and Source Boundary Conditions for

Benzene, Benzo(a)pyrene, and Naphthalene
Source propagation was used when possible to define the initial condition following
implementation of a remedial alternative for two reasons: 1) to address the variability of
observed (empirical) dissolved phase concentrations and uncertainty in concentration
distribution across the Site and 2) because it provides a consistent basis for comparing
remedial alternatives. When initial conditions are simply assigned and not generated by
the groundwater model, the subsequent simulated transport can be largely a result of the
initial conditions readjusting to fit the transport field and source distribution. These
adjustments are difficult to parse out from the changes to concentrations caused by the
stresses on the groundwater model that represent remedial technologies, especially when
sources remain in the alternative being simulated. Pre-remediation concentrations for the
DNAPL-related primary COCs (benzene, benzo(a)pyrene, and naphthalene) were
generated with simulated hydrocarbon sources within the groundwater model based on
the distribution of the hydrocarbon source (DNAPL). Because hydrocarbon sources are
left in place in many of the alternatives, groundwater-model-propagated pre-remediation
concentrations provide a better relative comparison of plume reduction. Pre-remediation
hydrocarbon concentrations were generated using the following methodology:

e The pre-remediation dissolved and sorbed soil concentrations for benzene,
benzo(a)pyrene, and naphthalene were produced with constant groundwater
concentration boundary conditions representing DNAPL as hydrocarbon sources.
The Thiessen polygon distribution of DNAPL depth and lateral extent (depicted
on Figure 4.4-5 of the RI Report and on Figure A-1) was used to define
hydrocarbon-source zones in the FS groundwater model.

e Values for the constant groundwater concentration boundary conditions for
benzo(a)pyrene* and naphthalene were assumed to be the average of
concentrations detected in groundwater from Shallow Alluvium monitoring wells
and groundwater grab samples in DNAPL-impacted areas (BH-19, BH-21A, BH-

4 Total cPAH concentration as benzo(a)pyrene equivalent were used to calculate the benzo(a)pyrene
boundary condition concentration.
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25A(R), BH-20A, BH-5, BH-23, RW-NS-1, RW-QP-1, and Q9°) and reported in
the RI Report (Anchor QEA and Aspect 2012 ). Average concentrations were 133
micrograms per liter [ug/L] for benzo(a)pyrene and 11,000 pg/L naphthalene (see
Table A-3).

Values for the constant concentration boundary conditions for benzene were also
assumed to be the average concentration detected in DNAPL-impacted areas, but
were separated into the following five different zones to reflect spatial variability:

= Zone 1 includes well BH-21A (average concentration of 4 pg/L, but
benzene was not simulated in this boundary condition because the
concentration is exceeded by nearby plume concentrations; if simulated,
the boundary condition would artificially remove benzene mass from the
aquifer);

= Zone 2 includes Wells BH-25A(R) and Q9 (average concentration of
1,100 pg/L);

= Zone 3 includes well Q-14W (benzene was not detected; therefore,
benzene was not simulated in this zone);

= Zone 4 includes wells BH-23 and RW-NS1 (average concentration of
200 pg/L); and

= Zone 5 includes wells BH-5, BH-19, BH-20A, and RW-QP1 (average
concentration of 12,000 pg/L).

Associated solid-phase concentrations were calculated by the groundwater model
by applying the respective Kd values and assuming equilibrium. Figure A-1
shows the distribution and concentration of the hydrocarbon sources. Data used to
produce these estimates are summarized in Table A-3. Figures A-2 and A-3
depict the source boundary conditions as implemented in the groundwater model.

e The groundwater model was then run for 100 years to simulate the time since the
creosote plant started operation.

After establishing pre-remediation conditions, the resulting pre-remediation dissolved
and sorbed concentrations for each of the DNAPL-related COCs were then altered
consistent with the alternative being simulated and imported as the initial condition.
Changes to hydrocarbon source constant groundwater concentration boundary conditions
were also made consistent with the alternative being simulated. Adjustments to
concentrations and boundary conditions for each of the remediation technologies are
described in Section A3.3.

A3.2.2 Initial Conditions for Arsenic
No soil source of arsenic has been identified at the Site so it is not possible to generate
pre-remedial arsenic concentrations by source propagation; therefore, pre-remedial
concentrations for arsenic were identified based on groundwater data reported in the RI
Report (Anchor QEA and Aspect 2012). The average arsenic concentration in areas

®> The benzo(a)pyrene concentration at Q9 was excluded from averaging because the concentration
exceeds solubility.
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exceeding the arsenic MCL (39 pg/L)® was input as the pre-remediation concentration in
the groundwater model. The lateral extent of the arsenic plume in the Shallow Aquifer
was limited to the extent shown on Figure 5.2-16 of the RI Report (Anchor QEA and
Aspect 2012). Similarly, the lateral extent in the Deep Aquifer was limited to the extent
shown on Figure 5.2-17 of the RI Report (Anchor QEA and Aspect 2012). The bottom of
the simulated arsenic plume is approximately 60 feet below ground surface (bgs), based
on the groundwater data from well BH-20B and BH-20C. Pre-remediation concentrations
outside of the arsenic plume are set to the Puget Sound-area background concentration of
5 ug/L as specified by Ecology (Ecology 2001; Table 720-1). Solid-phase concentrations
were input into the groundwater model by applying the Kq value of 29 L/kg and assuming
equilibrium.

The resulting pre-remediation dissolved and sorbed concentrations for arsenic were then
altered relative to the alternative being simulated and imported as the initial condition to
the groundwater model.

A3.2.3 Comparison to Measured Concentrations
Figures A-4 through A-7 compare, in plan view, groundwater-model-generated pre-
remediation plume extents to the plume extents presented in the Rl and summarized in
Section 3 of the FS. Groundwater model-generated plume extents are similarly compared
in cross section on Figures A-8 through A-11. Plume extents presented in Section 3 are
based on a combination of empirical data with groundwater modeling and professional
judgment where data is limited (as described in Section 3 of the main text). In particular,
limited data are available to define the vertical extent of contaminant plumes in the Deep
Aquifer and the westward extent of plumes beneath the lake, which correspond to the
areas where the groundwater model predictions deviate the most from the plumes
estimated for the RI. Main differences include the following:

e The groundwater model predicts the benzene and naphthalene plumes extend
farther west than estimated in Section 3. The extents in Section 3 were based on
available sediment porewater data (collected from shallow sediments) and
predicted groundwater flow paths, but did not consider the potential effect of
dispersion (which would increase the plume extent) or biodegradation (which
could decrease plume extent). No data is available in deep groundwater offshore;
therefore, there is uncertainty in the actual extent of the plumes in the area
between the inner harbor line and the T-Dock.

e The groundwater model predicts the benzo(a)pyrene plumes do not extend as far
west as estimated in Section 3. This prediction is likely due to the fact that the
westerly extent in the Section 3 was based on empirical data in shallow offshore
sediments, but the groundwater model did not include DNAPL in shallow
offshore sediments as source terms.

e The groundwater model predicts that the vertical extent of benzo(a)pyrene in the
BH-30C area is greater than estimated in Section 3. There is uncertainty in both
estimates. Groundwater model uncertainties result from groundwater model
simplifications (e.g., coarse vertical discretization of the Deep Aquifer with a

& The overall average concentration was used for simplicity because the average concentration in the
Shallow and Deep Aquifers (29 and 47 ug/L, respectively) were similar.
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layer thickness of approximately 10 feet), and uncertainties in groundwater model
parameters (e.g., the magnitude of vertical dispersivity). Empirical data in this
area is limited: DNAPL (the assumed source of benzo(a)pyrene) is present at a
depth of 33.75 feet, and the top of the well screen for BH-30C is at a depth of 85
feet. As described in Section 3.5 of the FS, the vertical extent of benzo(a)pyrene
at this location was estimated based on soil data from the Shallow Alluvium,
which identified elevated concentrations of benzo(a)pyrene in soil up to 7 feet
below DNAPL occurrences. Based on this data, the Section 3 estimated vertical
extent of benzo(a)pyrene was based on adjusting the groundwater modeled extent
to extend a maximum of 7 feet below the deepest DNAPL occurrences.

The groundwater model incorporates simplifying assumptions to represent the complex
Site conditions including assumptions of geology, contaminant distribution, and
dispersivity and degradation parameters. During groundwater model calibration, some
groundwater model parameters were adjusted to more closely match the groundwater
model output with empirical data for COC concentrations. However, it was not possible
to match all empirical data. For example, varying dispersivity to account for naphthalene
detected at deep well BH-20C resulted in the groundwater model over predicting benzene
concentrations at the same well. Due to the complexity of subsurface conditions at the
Site, the groundwater model results only approximate the observed (empirical)
groundwater concentration distribution.

The groundwater model is meant to be used as a relative tool, meaning it is intended to
compare the relative effect of different remedies, and the relative effectiveness of
remedial options to reduce plumes and restoration timeframe. As described above in
Section A3.2.1, setting initial conditions in the groundwater model using source
propagation provides a more realistic groundwater model of contaminant distribution
between areas, and the relative effect of different remedial actions on contaminant
distribution are more apparent.

Necessary groundwater modeling simplifications result in differences between
groundwater model predictions and actual conditions; however, we do not expect these
differences to significantly affect the comparative evaluation of alternatives. While the
absolute numbers such as predicted plume volume or contaminant mass should be
considered approximate, the relative effect of different actions on reducing plume volume
and contaminant mass are valid. Groundwater model results are meant to be interpreted in
a relative manner as a means to compare the remediation potential of the different
alternatives.

A3.3 Groundwater Model Simulation of Remedial
Technologies

Each remedial alternative is composed of a combination of one or more of the following
remedial technologies’:

" Technologies with no significant effect on groundwater flow or contaminant fate and transport in
groundwater (e.g., sediment capping) were not simulated by the groundwater model.
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e Impermeable upland cap;

e Funnel and gate treatment wall;
o DNAPL/soil solidification;

e DNAPL/soil excavation; and

e Pump and treat.

A detailed description of each of these technologies and how they would be applied is
presented in Sections 5 and 6 of this FS. The remedial technologies are simulated within
the groundwater model by modifying flow and transport parameters, and/or boundary
conditions. In some cases, new boundary conditions were specified to simulate structural
elements of the technologies (i.e., slurry walls). Modifications specific to each remedial
technology include the following:

e Impermeable Upland Cap. An impermeable cap is assumed in the uplands
because future development is expected to result in reduced recharge in the
uplands as described in Section 6.2 of the FS. The cap is simulated in the
groundwater model with a recharge boundary condition value equal to 0
inches/year.

e Funnel and Gate Treatment Wall. A funnel and gate system consists of two
structures: a slurry wall along the shoreline and two 100-foot-long permeable
reactive barriers (PRBs). The funnel and gate extends from the ground surface to
approximately 30 feet bgs. The slurry wall element of the funnel and gate was
simulated in the groundwater model using MODFLOW?’s wall boundary
condition available in the horizontal flow barrier (HFB) package (Hsieh and
Freckleton 1993). The wall boundary condition simulates groundwater flow
barriers by applying a specified horizontal conductance (horizontal hydraulic
conductivity multiplied by flow length) value between groundwater model grid
cells. The conductance of the slurry walls in the funnel and gate was set at 8.5 x
10" feet squared per day (ft?/day) to simulate a 3-foot-thick wall with a horizontal
hydraulic conductivity of 2.8 x 107 feet/day (1.0 x 10 centimeters/second
[cm/sec]). The PRBs were simulated in the groundwater model using a constant
concentration boundary condition set to the COC-specific PRG (5 pg/L for
benzene, 0.2 pg/L for benzo(a)pyrene, and 1.4 pg/L for naphthalene; arsenic is
not treated). Use of the constant concentration boundary condition allows mass in
excess of the PRG to be removed from the groundwater model, thereby
simulating concentration reduction to PRG levels consistent with PRB design.

The horizontal hydraulic conductivity of the PRB was scaled (16.56 ft/day) to
simulate a 3-foot-thick PRB with a horizontal hydraulic conductivity of 28
feet/day (1.0 x 102 cm/sec) in the 25-foot-wide groundwater model cell.

e DNAPL/Soil Solidification. This technology reduces leaching of dissolved
DNAPL-related COCs by physically mixing DNAPL and soil with low-
permeability grout. This reduces the hydraulic conductivity of soil. Solidification
was simulated in the groundwater model by changing the hydraulic conductivity,
and porosity of groundwater model grid cells within the solidified volume. Based
on commonly reported values for grout and clay in literature (Yey et al. 2000)
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and typical values for solidified soil at remediation sites (EPA 2009), hydraulic
conductivity and porosity was specified at 2.8 x 107 feet/day (1.0 x 10 cm/sec)
and 0.06, respectively. The effective porosity value specified is 0.06 and is based
on measured effective porosity of bentonite reported in the literature (Yey et al.
2000). The hydraulic conductivity for solidified soil was specified at 2.8 x 1073
feet/day (1.0 x 10 cm/sec) based on typical values for solidified soil at
remediation sites which ranged from 1 x 10° to 2 x 107" cm/sec (EPA 1999,EPA
2009, EPRI 2007, and Wilk 2007). For comparison, Table A-4 presents a
summary of representative sites where solidification was implemented to contain
creosote and coal tar along with the hydraulic conductivities achieved in the
solidified soils.

e DNAPL/Soil Excavation. The excavation of DNAPL and soil was simulated by
removing constant concentration boundary conditions representing DNAPL from
groundwater model grid cells within the excavation. To simulate the clean
backfill, the hydraulic conductivity of excavated groundwater model grid cells
was altered and their sorbed and dissolved initial conditions were set to a
concentration of 0 pg/L for all COCs. As discussed in Section A3.1.3, this
assumes there are no residual soil and groundwater concentrations. Actual
background concentrations would vary based on backfill type and groundwater
chemistry. If backfilled soil contributes arsenic to groundwater, or if
benzo(a)pyrene in groundwater from neighboring excavation cells recontaminates
excavated areas, the restoration timeframe would be longer.

Initial conditions outside the excavated area were unchanged from pre-
remediation levels. The excavations were backfilled with one of two types of
material, as follows:

1. If excavated in the wet, gravel backfill was placed below the water table
with an assumed horizontal conductivity of 28 feet/day (1.0 x 10
cm/sec); or

2. If excavated in the dry and the excavated soil is treated and used as
backfill, then the fill was assumed to have a horizontal conductivity of
0.28 feet/day (1.0 x 10 cm/sec).

The ratio of horizontal to vertical conductivity was assumed to be 10:1 for both
types of backfill.

e Pump and Treat. The pump and treat system assumed six wells pumping at an
individual rate of 15 gallons per minute (gpm). The wells were placed along the
shoreline and screened near the top of the Deep Aquifer approximately 30 to 50
feet bgs. The techniques used to model the configuration and pumping rates of
this system are the result of groundwater-model-aided optimization performed
early on in the FS process. Pump and treat optimization is described in Section
A5.2.
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A3.4 Development of FS Remedial Alternatives

The FS groundwater model was used in the development of remedial alternatives.
Additional documentation of the development of remedial alternatives is provided in
Sections 5 and 6 of the FS main text. Specific uses of the groundwater model for
alternative development included the following:

e RR DNAPL Area Treatment. The FS groundwater model was used to compare
the effectiveness of solidification versus excavation (removal) of DNAPL on the
plume volume to inform development of Alternatives 3, 5, and 6. The three
comparison scenarios are as follows:

=  Comparison of Backfill Materials. Excavation of DNAPL in the RR
DNAPL Area (Area 1) with off-site disposal of soil and replacement
with clean imported fill is compared to on-site treatment and backfill
with treated soil.

= Comparison of Remedial Technologies and Treatment Areas. For the
RR DNAPL Area, in situ solidification was compared to excavation, on-
site treatment, and backfill with treated soil. Solidification and
excavation of different area combinations for more extensive treatment
beyond the RR DNAPL Area were also evaluated to determine the
resulting effect on groundwater restoration, as described in Section
6.3.3.1 of the FS main text. Areas evaluated are listed in Table A-5 and
shown on Figure A-12. Estimated plume volume reductions resulting
from these comparisons are summarized in Table A-5.

*  Pump and Treat Optimization. The conceptual design of the pump and
treat system for Alternative 10 was developed early in the FS process
and is documented in Section A5. The effectiveness of this pump and
treat system to reduce restoration timeframes in Alternative 10 was
evaluated by comparing the restoration timeframes of the optimized
pump and treat system with two variations: one with the pump and treat
system removed and one with an additional well located in the area with
the highest post remediation concentration (located beneath deep
DNAPL-impacted soil in the RR DNAPL Area). The resulting
restoration timeframes of benzene and naphthalene were compared.

When compared to no pumping, optimized pump and treat is predicted to accelerate the
restoration of naphthalene by 10 years and to have no effect on benzene restoration®.

The differences between the effect of pump and treat on the restoration timeframe of
benzene compared to naphthalene are due to the smaller half-life used for benzene. A
greater proportion of benzene is removed by degradation rather than flushing and so its
restoration timeframe is less sensitive to pump and treat.

Additional pumping from concentration hotspots is not estimated to provide additional
benefit. When the additional pump and treat well was added to the hot spot, the resulting

8 With the pump and treat system removed, the benzene restoration timeframe was reported at 13
years, 1 year less than the restoration timeframe result under optimized pumping. However, the
difference is within the resolution of the groundwater model output (3 years).
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restoration timeframe was 14 years and 46 years for benzene and naphthalene,
respectively. Transient model results are printed to output files every three years so both
timeframes are within the printing resolution (three years) of the groundwater model
when compared to the groundwater model results using the optimized pump and treat
system (Table A-7).

e Funnel and Gate Optimization. Multiple lengths of the PRB gates in Alternatives
3 through 6 were evaluated using the FS groundwater model to verify that the
length of the gates would not create significant groundwater mounding. The
evaluation concluded that two 100-foot-long gates limited groundwater mounding
to several feet below ground surface, with a maximum mounding height of 1.5
feet. In addition, a maximum groundwater flow velocity of 1.1 feet/day was
simulated through the gate, occurring in the Fill Unit. This groundwater flow
velocity was used to inform the PRB design (see Appendix E of this FS for
details).

The potential for the funnel to induce lateral spreading of groundwater
contamination was also evaluated. The potential for lateral spreading was
determined not a risk as demonstrated by the simulated plumes for Alternatives 3
through 6, which are shown on Figures A-13 through A-17; the simulated plumes
do not show an expanded lateral extent relative to current conditions (Alternative
1 - No Action).

e Potential Spreading Induced by Soil Solidification. The potential for soil
solidification to induce spreading of groundwater contamination was evaluated.
The potential for lateral spreading was determined not to be a risk as
demonstrated by the simulated plumes for Alternatives 3, 5, 6, 7, and 9 relative to
Alternative 1 (see Figures A-13 through A-17); the simulated plumes do not show
an expanded lateral extent relative to No Action conditions (Alternative 1). The
simulated plumes for these alternatives along cross sections (see Figures A-18
through A-21) also show no significant vertical spreading of contamination
relative to No Action (Alternative 1) conditions. Because the extent of plume
spreading was not significant, potential mitigation components for spreading
(e.g., upgradient drains) were not evaluated with the groundwater model.

A3.5 Groundwater Model Simulation of Remedial
Alternatives

This section details the combination of remedial technologies and how the modifications
described above in Section A3.3 were incorporated into the FS groundwater model to
simulate each of the remedial alternatives. Once the initial conditions were established to
reflect Site conditions following completion of remedial construction for each alternative,
the groundwater model was then run for a 100-year period to predict the change in
groundwater concentrations for the primary COCs over that period of time. The remedial
alternatives are as follows:

e Alternative 1. Alternative 1 assumes no remedial action occurs at the Site. Pre-
remediation groundwater model results and pre-remediation arsenic
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concentrations were input unaltered as initial conditions and no other changes to
the groundwater model were made.

e Alternative 2. Alternative 2 includes an impermeable cap applied to the upland
portion of the Site, excluding the 100-foot-wide habitat area along the shoreline
(shown on Figure 6-1 of the FS main text).

e Alternative 3. Alternative 3 includes the impermeable cap, a funnel and gate
treatment wall, and solidification of deep DNAPL-impacted soil in the RR
DNAPL Area and in the vicinity of MC-1.

= All groundwater model grid cells simulating DNAPL-impacted soil
within the zone shown on Figure 6-4 of the FS main text were assumed
to be solidified. In addition, a one-cell buffer (approximately 25 feet)
around the zones and an approximate 2-foot-thick layer below the zones
was solidified.

= The funnel and gate design shown on Figure 6-4 was replicated in the
groundwater model in model layers 2 (ground surface) through 8
(approximately 30 feet bgs). The geometry, as specified in the FS
groundwater model, differs slightly from the feature shown on Figure 6-4
to fit the resolution of the groundwater model grid.

»= The impermeable cap was applied to Site uplands, but excluded the 100-
foot-wide habitat area along the shoreline (shown on Figure 6-1 of the
FS main text).

e Alternative 4. Alternative 4 includes the impermeable cap, a funnel and gate
treatment wall, and excavation and removal of DNAPL-impacted soil in the
Quendall Pond Upland (QP-U) DNAPL Area.

= The funnel and gate design shown on Figure 6-7 of the FS main text was
replicated in the groundwater model in model layers 2 (ground surface)
through 8 (approximately 30 feet bgs). The geometry, as specified in the
FS groundwater model, differs slightly from the feature shown on Figure
6-7 to fit the resolution of the groundwater model grid.

= The footprint of the excavation in the groundwater model follows the
design shown for Alternative 4 on Figure 6-7 of the FS main text and
extends approximately 19 feet deep. Similarly, the geometry is slightly
different from the design to fit the groundwater model grid. Backfill is
assumed to be gravel with relatively high hydraulic conductivity (1.0 x
1072 cm/sec).

= The impermeable cap was applied to Site uplands, but excluded the 100-
foot-wide habitat area along the shoreline (shown on Figure 6-1 of the
FS main text).

e Alternative 4a. Alternative 4a includes the impermeable cap, a funnel and gate
treatment wall, and solidification of DNAPL-impacted soil in the Quendall Pond
Upland (QP-U) DNAPL Area. Alternative 4a was not modeled because the effect
of the Alternative is expected to be very similar to other alternatives being
modeled as discussed below. The plume volume that results from Alternative 4a
is assumed to be the same as the plume volume that results from Alternative 4.
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The difference between the alternatives is that the QP-U area is added to the
volume of soil being solidified under Alternative 3. The QP-U area is a relatively
small shallow volume of soil located at the center of the plume and so the
additional treatment at this location is expected to have only a negligible effect on
the volume of the plume after treatment.

= The mass flux resulting from Alternative 4a is assumed to be the same as
the mass flux resulting from Alternative 4. Alternatives 4 and 4a treat the
same upland volumes near the shoreline, the QP-U area, and so both
should have a similar effect on mass flux.

e Alternative 5. Alternative 5 includes the impermeable cap and funnel and gate,
with the addition of solidification of soil containing 4 or more feet (cumulative
thickness) of DNAPL to a maximum depth of 20 feet bgs, the QP-U DNAPL
Area, and all deep DNAPL-impacted soil in the RR DNAPL Area and in the
vicinity of MC-1.

= The following DNAPL zones were solidified: All groundwater model
cells within the shallow DNAPL zones shown on Figure 6-10 of the FS
main text were solidified to a depth of approximately 20 feet bgs and
groundwater model cells within deep DNAPL zones were solidified to 2
feet below the DNAPL. In addition, a one-cell buffer (approximately 25
feet) around all the treated zones was solidified.

= The funnel and gate design shown on Figure 6-10 was replicated in the
groundwater model in model layers 2 (ground surface) through 8
(approximately 30 feet bgs). The geometry, as specified in the FS
groundwater model, differs slightly from the feature shown on Figure 6-
10 to fit the resolution of the groundwater model grid.

= The impermeable cap was applied to Site uplands, but excluded the 100-
foot-wide habitat area along the shoreline (shown on Figure 6-1 of the
FS main text).

e Alternative 6. Alternative 6 includes an impermeable cap, funnel and gate,
solidification of soil containing 2 or more feet (cumulative thickness) of DNAPL
to a maximum depth of 20 feet bgs, solidification of deep DNAPL-impacted soil
in the RR DNAPL Area and in the vicinity of MC-1, and excavation and removal
of DNAPL-impacted soil in the Quendall Pond Upland (QP-U) DNAPL Area.

= The footprint of the QP-U DNAPL Area excavation in the groundwater
model follows the design shown for Alternative 6 on Figure 6-12 of the
FS main text and extends approximately 19 feet deep. The geometry is
slightly different from the design to fit the groundwater model grid.
Backfill is assumed to be gravel with relatively high hydraulic
conductivity (1.0 x 102 cm/sec).

= All groundwater model cells within the shallow DNAPL zones shown on
Figure 6-12 of the FS main text were solidified to a depth of
approximately 20 feet bgs and groundwater model cells within deep
DNAPL zones were solidified to 2 feet below the DNAPL-impacted soil.
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In addition, a one-cell buffer (approximately 25 feet) around all the
treated zones was solidified.

= The funnel and gate design shown on Figure 6-12 was replicated in the
groundwater model in model layers 2 (ground surface) through 8
(approximately 30 feet bgs). The geometry, as specified in the FS
groundwater model, differs slightly from the feature shown on Figure 6-
12 to fit the resolution of the groundwater model grid.

= The impermeable cap was applied to Site uplands, but excluded the 100-
foot-wide habitat area along the shoreline (shown on Figure 6-1 of the
FS main text).

e Alternative 7. Alternative 7 includes solidification of all upland DNAPL-
impacted soil and the impermeable upland cap featured in previous alternatives.

= All groundwater model cells representing a hydrocarbon-source zone
(Figure A-2 and A-3) were assumed to be solidified. In addition, a one-
cell buffer (approximately 25 feet) around the zones and an approximate
2-foot-thick layer below the source was solidified.

= The impermeable cap was applied to Site uplands, but excluded the 100-
foot-wide habitat area along the shoreline. Recharge over solidified soil
outside of the cap was also set to zero.

e Alternative 8. Alternative 8 features excavation of all upland DNAPL-impacted
soil and the installation of the funnel and gate and the impermeable upland cap.

= All groundwater model cells representing hydrocarbon source areas (as
depicted on Figure A-2 and A-3) were excavated. The backfill in
Alternative 8 was assumed to be excavated soil that is treated and reused
as backfill. Backfill is assumed to have a relatively low hydraulic
conductivity (1.0 x 10 cm/sec).

= The funnel and gate was simulated in the groundwater model from model
layer 2 (fill) through 8 (approximately 30 feet bgs). The groundwater
model assumes a funnel and gate treatment wall but subsequently, the
wall was removed from the alternative because it did not add significant
benefit.

= The impermeable cap was applied to Site uplands, but excluded the 100-
foot-wide habitat area along the shoreline.

e Alternative 9. Approximately the upper 15 feet of the Shallow Alluvium within
the area of MCL exceedances is excavated in Alternative 9. This alternative also
includes solidification of DNAPL-impacted soil below 15 feet bgs, and the
upland cap.

= Groundwater model cells representing hydrocarbon-source zones (as
depicted on Figure A-2 and A-3) that are more than approximately 15
feet bgs® were assumed to be solidified, including a one-cell buffer

% Based on resolution in cell grid; actual depth ranges from 13 to 27 feet bgs, with an average of 15 feet
bgs.
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around the zones and an approximate 2-foot-thick cell below the
hydrocarbon source. Groundwater model cells within the Site uplands
that were shallower than approximately 15 feet bgs were assumed to be
excavated and backfilled with low hydraulic conductivity treated soil
(1.0 x 10 cm/sec).

= Similar to previous alternatives, the cap was applied to the Site uplands,
excluding the 100-foot-wide habitat area along the shoreline (shown on
Figure 6-1 of the FS main text).

e Alternative 10. Alternative 10 features excavation of all Shallow Alluvium soils
within the area of MCL exceedances and the installation of the impermeable
upland cap and the pump and treat system.

= Only benzene, naphthalene, and arsenic are simulated with the
groundwater model for Alternative 10. The alternative is designed to
completely remove benzo(a)pyrene source material and the groundwater
model assumes no contaminated residuals. Therefore, the groundwater
model prediction should be that benzo(a)pyrene would restore
immediately. However, the modeled pre-remediation extent of
benzo(a)pyrene is greater than the modeled extent of soil removal;
therefore, the groundwater model (if run for benzo[a]pyrene) would still
predict exceedances.

= The entire Shallow Alluvium within Site uplands within the area of the
benzo(a)pyrene and arsenic plumes is assumed to be excavated in
Alternative 10. Low hydraulic conductivity treated soil (1.0 x 10
cm/sec) is used to backfill the excavation.

= The pump and treat system was simulated in the groundwater model as
described in the Section A5.2.

= Similar to previous alternatives, the cap was applied to the Site uplands,
excluding the 100-foot wide habitat area along the shoreline (shown on
Figure 6-1 of the FS main text).

A3.6 Remedial Alternatives Groundwater Model Results

Empirical Site data were used to estimate flow and contaminant transport parameters and
source concentrations used in the groundwater model to best represent pre- and post-
remedy concentrations for the remedial alternatives. As previously indicated, the
groundwater model incorporates simplifying assumptions to provide an approximate
representation of complex Site conditions. These simplifying assumptions introduce
inherent uncertainty in the groundwater model results. To address the uncertainty, the
groundwater modeling assumptions are consistently applied in evaluating the range of
alternatives. Further, the groundwater model results are evaluated in relative versus
absolute terms. By evaluating a result on a large diffuse scale such as plume volume and,
more importantly, comparing the relative change in the groundwater model results, much
of the uncertainty associated with absolute predictions by the contaminant transport
model is mitigated. Therefore, the results presented below should be interpreted within a
comparative analysis of the relative benefit from each alternative.
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Groundwater model results for the evaluation of the remedial alternatives are presented in
Tables A-6 and A-7. The extent of groundwater contamination predicted by the
groundwater model is illustrated as plume extent in plan view on Figures A-13 through
A-17, and in cross section on Figures A-18 through A-21. The contaminant transport
model results were calculated at 3-year time intervals to assess restoration timeframe over
the entire 100 year simulation period. The groundwater model output at time 100 years
was processed to produce different metrics to compare the individual remedial
alternatives after 100 years of implementation. These metrics include the following:

e Plume Volume. The aggregate plume volume is defined as the volume of
groundwater that exceeds the PRG of one or more of the primary Site COCs
(5 pg/L for benzene, 0.2 pg/L for benzo(a)pyrene, 1.4 pg/L for naphthalene, and
10 pg/L for arsenic). The volume was calculated from the groundwater model
output by summing the volume of cells (17 ft® to 33,000 ft® per cell; 4,400 ft on
average) whose concentration exceeded one or more of the PRGs, and then
multiplying the sum by the effective porosity (0.25). In alternatives that include
solidification (Alternatives 3, 5, 6, 7, and 9), only the volume outside of solidified
soil is included in the calculation. Plume volumes are presented in Table A-6 for
the Shallow Aquifer and Deep Aquifer combined, and for the upland Deep
Aquifer only. Volumes are reported in units of millions of gallons of
groundwater.

Plume volumes for each of the primary Site COCs for the Shallow Aquifer and
Deep Aquifer combined were also calculated and are presented in Table A-7. The
groundwater model results indicate arsenic plumes for Alternatives 1 through 9
that are larger than the pre-remediation plume. The expansion of these plumes is
the result of not using modeled source propagation to define the initial conditions
for arsenic. The increase in arsenic plume volume is due to the groundwater
model adjusting the assigned concentrations to establish a new equilibrium across
groundwater model cells based on concentration gradient. More discussion of the
use of plume propagation to produce initial conditions and the implications are
presented in Section A3.2.

e Mass Flux. The Mass Flux for each primary Site COC was calculated for each of
the alternatives at the groundwater model boundary representing the lakebed
sediments. These are not estimates of the total mass flux to Lake Washington
because they do not include sediment processes or offshore DNAPL. Rather, the
results were used to compare the relative reduction in mass flux into the lakebed
sediments for each alternative. The mass flux results generated by the
groundwater model were used to only provide a relative comparison between
remedial alternatives and were not used as inputs to the Reible sediment transport
model discussed in Appendix B. For that model, empirical sediment porewater
data were used.

¢ Dissolved Plume Contaminant Mass. Dissolved plume contaminant mass was
calculated for each of the primary Site COCs under each remedial alternative.
Dissolved mass was calculated by summing the products of COC concentration,
porosity, and volume of model cells within each plume. In alternatives that
include solidification (Alternatives 3, 5, 6, 7, and 9), only the mass outside of
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solidified soil was included in the calculation. These results are presented in
Table A-7.

e Restoration Timeframe. The restoration timeframe of each of the primary Site
COCs was estimated as the time in years when predicted concentrations in every
groundwater model grid cell were below their respective PRG as presented in Table
A-6. The groundwater model results indicate that none of the remedial alternatives
achieves groundwater restoration (defined as concentrations for each of the four
primary Site COCs below their respective PRGSs) for all of the Site COCs. However,
Alternatives 8 and 10 achieve restoration of benzene and naphthalene. Alternative 10
would achieve restoration of benzo(a)pyrene before the end of the model run (100
years), but this restoration is based on the unrealistic assumption that the entire
source of benzo(a)pyrene is removed and there are no excavation or dredging
residuals. A sensitivity analysis (see Section A5.1) indicates that residuals would
cause benzo(a)pyrene MCLs to be exceeded for more than 100 years.

¢ Relation to University of Texas (UT) Model. Groundwater discharge fluxes were
also calculated to evaluate seepage rate reduction associated with upland capping and
funnel and gate technologies, to support sediment modeling presented in Appendix
B3 of this FS. Groundwater discharge flux for offshore and nearshore areas are
tabulated in Table A-8.

A3.7 Sensitivity Analysis of FS Groundwater Model
Results

Contaminant fate and transport input parameters for the FS groundwater model were
based on site-specific data, literature values, and best professional judgment as discussed
in Section A3.2. A sensitivity analysis was conducted to assess relative uncertainty in the
FS groundwater model results attributable to contaminant fate and transport parameter
assumptions. Using Alternatives 1, 7, and 8, a sensitivity analysis of the sorption
coefficient (Kg), half-life, and source area concentration was conducted. The parameters
were varied one at a time while the two remaining values were held at base value. The
values used in the sensitivity analysis are described below and are presented in Table A-
9:

e Ka. Five hundred percent (five times) of the base Kq was used as the high Kg
value. Twenty percent (one fifth) of the base value was used for the low value for
symmetry.

o Half-Life. Arsenic does not decay and, therefore, was not included in the
sensitivity analysis. Half-life ranges for hydrocarbons were set as follows:

= Benzene. The FS groundwater model uses the mid-range anaerobic half-
life for benzene of 720 days (see Section A3.1.2) as a base value. In the
sensitivity analysis, the lowest anaerobic half-life reported in Howard et
al. 1991 was used for the low half-life value, and a value of five times
the base half-life (3,600 days) within the reported range of half-lives
estimated from field studies (220 days to no degredation: Aronson 1997)
was used for the high half-life value.
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= Naphthalene. Because only one anaerobic half-life was reported for
naphthalene (Howard et al. 1991), the naphthalene low half-life was
reduced from the base value by the same proportion as for benzene.
The high half-life value was taken as 500 percent of the base value.

= Benzo(a)pyrene. The low anaerobic half-life was set to 1,484 days,
the lowest anaerobic half-life reported for chrysene in Howard et
al.1991. Benzo(a)pyrene decay was not simulated in the high half-
life sensitivity run.

e Source Area Concentration. The high and low source area concentrations were
150 and 50 percent, respectively, of the base value used in the groundwater
model. This base value was calculated from the mean of detected concentrations
within the source areas, and the high and low values fall within the range of
detected values.

A3.7.1 Sensitivity Analysis Results
The sensitivity analysis results for individual COCs are presented in Table A-10 and
sensitivity analysis results as aggregate plume volume are presented in Table A-11. The
aggregate results were reduced to produce the maximum variation from the base results
to produce Figure A-22. The brackets on Figure A-22 reflect the sensitivity results that
were maximum departures from the base groundwater model results (worst case and best
case). Best case results are from the parameter set that produced the smallest value and
worst case results are results from the parameter set that produced the largest value. The
bars on Figures A-22 represent the base case groundwater model result presented in
Section A3.6. In addition, Figure A-22 compares aggregate plumes of groundwater that
exceed PRGs, as well as aggregate plumes of groundwater that exceed only MCLs
(5 pg/L for benzene, 0.2 pg/L for benzo(a)pyrene, and 10 pg/L for arsenic). The
aggregate plumes that exceed only MCLs do not include naphthalene, which has no
MCL.

Sensitivity analysis was only performed on Alternatives 1, 7, and 8. The variability in
aggregate plume volume groundwater model results of the remaining alternatives were
estimated by a linear interpolation and extrapolation of the sensitivity analysis results
from Alternatives 1, 7, and 8. Linear regression of sensitivity analysis-derived best and
worst case volumes (when compared to base case groundwater model results) were
generated for Alternatives 1, 7, and 8 and those regressions are shown on Figure A-23.
The resulting regressions were then used to estimate best case and worst case aggregate
plume volumes for the remaining alternatives. For example, the estimated best case value
for an alternative is estimated as the y value of a point that falls on the best case
regression line and has an x value equal to that alternative’s base case result. Figure A-23
shows groundwater model results generally fit close to their regression lines and have a
minimum R-squared value of 0.992; therefore, the linear approximation provides a
reasonable estimate of sensitivity results for the remaining alternatives’ best case and
worst case. Results estimated by interpolation and extrapolation are shown for the
aggregate plume exceeding PRGs on Figure A-24 and for the aggregate plume exceeding
only MCLs (excludes naphthalene) on Figure A-25. The bars on Figures A-24 and A-25
represent the base case groundwater model result as described above in Section A3.6 and
the brackets for Alternatives 2, 3, 4, 5, 6, 9, and 10 represent the variation estimated from
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the alternatives base result and the linear regressions presented on Figure A-22. Table
A-12 presents both the variation in aggregate plume volume derived from sensitivity
analysis (Alternatives 1, 7, and 8) and the linear regression-derived variation (estimated).

Sensitivity analysis results by COC were treated similarly to aggregate plume results.
Sensitivity analysis results of plume volume by COC are shown on Figure A-26, their
linear regression is shown on Figure A-27 and the sensitivity analysis-derived and linear
regression-derived variation in plume volume by COC are displayed on Figure A-28 and
in Table A-13. Similarly, sensitivity analysis results of plume mass by COC are shown on
Figure A-29, their linear regression is shown on Figure A-30, and the sensitivity analysis-
derived and linear regression-derived variation in plume mass by COC are displayed on
Figure A-31 and in Table A-14. Lastly, similar to previously discussed metrics,
sensitivity analysis results of mass flux by COC are shown on Figure A-32, their linear
regression is shown on Figure A-33, and the sensitivity analysis-derived and linear
regression-derived variation in mass flux by COC are displayed on Figure A-34 and in
Table A-15. See Section A3.6 for a definition of plume volume, plume mass, and mass
flux.
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A4 Excavation Dewatering Analysis

The FS groundwater model was used to evaluate pumping rates required to achieve
excavation dewatering criteria for Site remedial alternatives. To effectively remove and
handle contaminated soil and to maintain excavation stability, dewatering would be
required during soil excavation to meet two goals:

1. Dewater the contaminated soil located below the water table such that excavation
occurs either in unsaturated (dry) conditions or the water level is lowered enough
to allow installation of shoring; and

2. Depressurize the Deep Aquifer to prevent destabilization of the excavation
bottom. The Deep Aquifer is a semi-confined aquifer with a potentiometric
surface (head) 20 to 40 feet above the bottom of the Shallow Alluvium.

The FS groundwater model was used to estimate dewatering rates of excavations (for soil
removal and DNAPL collection trench installation) in Alternatives 3 4, 6, and 8.
Dewatering required for Alternative 9 and 10 was estimated with groundwater modeling
completed early in the FS process, which is presented in Section Ab5.

The following sections discuss three topics: structural and boundary condition
modifications to the RI groundwater model to develop the groundwater model used to
evaluate FS dewatering criteria (Section A4.1), the constructability assumptions that
determine dewatering criteria (Section A4.2), and dewatering groundwater model results
(Section A4.3).

A4.1 Modifications to Develop Dewatering Groundwater
Model

The following modifications were made to the groundwater flow component of the RI
groundwater model for the FS dewatering evaluation. These modifications include both
structural modifications and the addition of boundary conditions, such as the following:

e The addition of four to five layers in the Shallow and Deep Aquifers to improve
the vertical resolution of excavation boundary conditions (i.e., sheet pile walls
and dewatering wells).

e The addition of sheet pile walls simulated with MODFLOW’s HFB Package.
HFB boundary conditions were inserted between groundwater model cells around
the perimeter of the excavation cell and extend from model layer 1 to the
approximate sheet pile embedment depth reported in Tables A-16 and A-17. The
HFB boundary conditions were given a small conductance value (1 x 102
cm?/sec) to make them effectively impermeable.

o Dewatering wells were inserted in the groundwater model using the multi-node
well package (Halford and Hanson 2002). Wells were placed within the sheet pile
wall enclosures. Wells were screened in the top 10 to 15 feet of the Deep Aquifer,
with the top of the screens being at the interface of the Shallow and Deep
Aquifers. The hydraulic conductivity of cells within excavation cells from
groundwater model layer 2 to the approximate excavation depth listed in Tables
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A-16 and A-17 were given a large value (1.0 x 10° feet/day) to simulate an open
excavation.

e Recharge was reduced to 0 inches/year within the excavation.

A4.2 Constructability Assumptions

Dewatering criteria are dependent on constructability assumptions. Excavations can
either be done in the wet or in the dry. The minimum drawdown required for dry
excavations is prescribed by the maximum depth of the excavation; in the case of wet
excavations, minimum drawdown is determined by constructability requirements for
installation of tieback anchors in the shoring walls.

Maximum excavation depths are presented in Tables A-16 and A-17. Calculations and
assumptions used to estimate constructability requirements are detailed in Appendix F of
this FS and the requirements are as follows:

o Tieback anchors for shoring walls are not required for excavations shallower than
16 feet and, therefore, do not require depressurization if done in the wet;

e Excavations between 16 and 22 feet deep require a minimum depth to water of 8
feet bgs to accommodate construction of tieback anchors;

e Excavations between 22 and 27 feet deep require a minimum depth to water of 13
feet bgs to accommodate construction of tieback anchors; and

e Excavation between 27 and 34 feet require a minimum depth to water of 19 feet
bgs to accommodate construction of tieback anchors.

In addition to dewatering requirements in the Shallow Aquifer, the Deep Aquifer must
also be depressurized to prevent destabilization of the excavation floor. For the purposes
of this analysis, it was assumed that the confined head at the top of the Deep Aquifer
must be below the minimum elevation of the excavation floor for a dry excavation. In wet
excavations, the head in the top of the Deep Aquifer must be at or below the elevation of
the static water level within the excavation. The maximum excavation depths (minimum
excavation elevation) and constructability requirements were used to determine the
dewatering criteria targets for pumping optimization using the dewatering groundwater
model.

A4.3 Dewatering Groundwater Modeling Approach

Dewatering and depressurization flow rates were estimated using the groundwater model
in an iterative process in which pumping rates and the number of wells were adjusted
until dewatering criteria were achieved under steady state conditions.

Dewatering and/or depressurization flow rates were estimated for each of the cells shown
on Figure 6-17 of the FS main text (Alternative 8), for the Quendall Pond cell depicted on
Figure 6-6 of the FS main text (Alternatives 4 and 6), and for the DNAPL collection
trench depicted on Figure 6-4 of the FS main text (Alternatives 3 and 4).
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A4.4 Dewatering Groundwater Modeling Results

Groundwater model results for the dewatering evaluation for wet excavations are
presented in Table A-16. Similarly, results for dry excavation dewatering are presented in
Table A-17. Because of the confined head in the Deep Aquifer, it is estimated that
excavations requiring dewatering of the Shallow Aquifer would also require
depressurization of the Deep Aquifer.
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A5 Additional Evaluations for Alternative 9 and 10

This section describes groundwater modeling done early in the FS process (Early FS
groundwater model) for the following purposes:

To perform additional sensitivity analysis on the effect of two parameters on
groundwater-model-predicted restoration timeframe for Alternative 10: 1) the
presence of heterogeneities in the Deeper Alluvium and 2) the presence of
contaminated residuals after excavation;

To develop conceptual design criteria, including optimal well locations and flow
rate, of a pump and treat system used in Alternative 10; and

To estimate construction dewatering flow rates needed to facilitate removal of
contaminated materials as part of Alternatives 9 and 10.

Similar to the evaluations presented in previous sections, this evaluation uses a refined
version of the groundwater flow and contaminant transport model documented in
Appendix D of the RI (Anchor QEA and Aspect 2012). The Early FS groundwater model
described in this section features the same flow and transport parameters as the FS
groundwater model documented in Sections A3 and A4 of this appendix, but has the
following differences:

Concentrations specified for the DNAPL boundary conditions for the Early FS
groundwater model were based on data provided in the draft Rl Report, while the
concentrations for the FS groundwater model were based on data provided in the
final RI Report. Differences were as follows:

= For benzene, 2,800 pg/L was used in all DNAPL zones that were a
source of benzene in the Early FS groundwater model, rather than zone-
specific concentrations noted on Figure A-3 (ranging between 200 and
12,000 pg/L);

=  For naphthalene, 16,000 pg/L was used in the Early FS groundwater
model rather than 11,000 pg/L shown on Figure A-3;

= For benzo(a)pyrene, 20 pg/L was used in the Early FS groundwater
model rather than 130 pg/L shown on Figure A-3; and

= For arsenic, 53 pg/L was used in the Early FS groundwater model rather
than 39 pg/L.

Zone 3 depicted on Figure A-1 was included as a source in the Early FS
groundwater model.

The Early FS groundwater model included 11 model layers rather than 20 in the
FS groundwater model. The Early FS groundwater model includes the 10 layers
that comprise the RI model and one additional 2-foot-thick layer located at the
top of the Deep Aquifer, used to simulate the DNAPL present at the top of the
Deep Aquifer near the Railroad Area. Additional layers were added for the
simulation of aquifer heterogeneity as described in Section A5.1.1.
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e Transport model results for the Early FS groundwater model were printed at a
resolution of up to 15 years rather than 3 years.

These differences are not expected to significantly alter the results or conclusions of the
analyses described in this section.

The sensitivity analysis is described in Section A5.1. The optimization of the pump and
treat system is documented in Section A5.2. The dewatering evaluation used to support
cost estimates for the implementation of Alternatives 9 and 10 are documented in Section
A5.3.

A5.1 Restoration Timeframe Sensitivity Analysis

The groundwater model was used to simulate the restoration timeframe following the
assumed removal of sources from the Shallow Alluvium and DNAPL from the Deeper
Alluvium (Alternative 10). The steps to setup and run the groundwater model to estimate
the restoration timeframe were the same as for the FS groundwater model, except that
200-year restoration periods (in addition to 100-year restoration periods) were also
conducted for selected conditions when MCLs were not achieved within 100 years.

The effect of varying groundwater model input assumptions on groundwater model
results (i.e., sensitivity analyses) was evaluated to assess the range of uncertainty in the
groundwater model predictions. Model input parameters evaluated in the sensitivity
analyses included the following:

e Aquifer heterogeneity. The FS groundwater model assumes the Deeper
Alluvium is homogeneous. However, based on Site boring logs, some areas of the
upper portion of the Deeper Alluvium exhibits heterogeneous conditions,
including low-permeability lenses of silt and silty sand within a matrix of more
uniform sand and gravel. Some portions of the Deep Aquifer, particularly at
greater depths, exhibit more homogeneous characteristics and do not appear to
contain low-permeability layers of silt or silty sand.

e Presence of excavation residuals. The FS groundwater model assumes no
residual contamination left behind after removal actions, which is deemed to be
highly unlikely due to the complexity of the Site.

The following sections describe groundwater model modifications to evaluate aquifer
heterogeneity (Section A5.1.1) and groundwater model modifications to evaluate
excavation residuals (Section A5.1.2).

A5.1.1 Aquifer Heterogeneity
A common approach for constructing larger-scale groundwater models is to use an
equivalent porous media approach to define aquifer parameters. This approach assumes
that, on a site-wide scale, changes in groundwater velocities from smaller-scale aquifer
heterogeneities are represented by averaging aquifer parameters (i.e., hydraulic
conductivity) resulting in an average flux. However, this assumption is often not
appropriate when simulating contaminant transport or evaluating individual chemical
transport processes on a smaller scale (Zheng et al. 1995).

The Deeper Alluvium is predominantly sand and gravel but silty sand lenses and silt
lenses are also present. For example, borings BH-5B, BH-21B, and SWB-3 contain
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intervals of silty sand between 1- and 9-feet thick near the top of the Deeper Alluvium,
and borings BH-5B and BH-30C have a 0.5-foot thick silt lens from 45 to 50 feet bgs.
Based on a review of the boring logs, two representative lower-permeability lenses within
the Deeper Alluvium were incorporated into the groundwater flow model: a silty sand
layer, 5-feet thick, approximately 45 feet bgs; and a silt layer 0.5-foot thick at 50 feet bgs.
A summary of the boring log analysis is presented in Table A-18.

A sensitivity analysis to evaluate the potential impact of fine-grained layers in the Deeper
Alluvium on groundwater model results was conducted using the Early FS groundwater
model. Site heterogeneity was evaluated using the following modification to the
groundwater model:

o A finer-grained layer was placed in the middle of the Site as a representative case.
In actuality, low-permeability layers were observed within the upper portions of
the Deeper Alluvium at multiple locations across the Site, including on the
eastern (e.g., BH-30C) and western (e.g., BH-20C) areas of the Site. The full
distribution of all fine grain layers throughout the Deeper Alluvium is unknown;
therefore, this evaluation was completed at the scale of the single representative
fine-grained layer placed within the groundwater model. Results must be
interpreted while considering that this is one of many fine-grained layers present
in the groundwater model. Lower-permeability zones were placed within the site-
wide groundwater model so that groundwater flow within the zones and
interaction between the fine-grained zones and surrounding sand and gravel were
calculated by the groundwater model.

e Horizontal hydraulic conductivity for the finer-grained units was estimated from
Table 2.2 of Freeze and Cherry (1979) at 1 x 10* cm/s and 1 x 10 cm/s for the
silty sand and silt, respectively. Anisotropy (ratio of horizontal to vertical
hydraulic conductivity) was assumed to be the same as for the rest of the Deeper
Alluvium (40:1). The silty sand zone was assumed over an area of 80 by 85 feet
and the silt zone was assumed over an area of 40 by 45 feet; both are longer in the
direction of groundwater flow. Based on the small area of the zones relative to the
groundwater model grid spacing, the grid spacing was telescoped (refined) to 5
feet. To better resolve vertical flow paths, 15 additional layers were also added to
the groundwater model grid.

o Dispersivity was reduced within fine-grained zones to simulate dispersion over a
shorter flow path length (versus site-wide transport). Longitudinal dispersivity
within the fine-grained zones is assumed to be 0.5-foot, and transverse and
vertical dispersivity are assumed to be 0.05-foot and 0.005-foot, respectively.
Initial concentrations within the finer-grained zones were specified at 8,400 pg/L
for benzene (as measured at BH-20B, one of the locations where finer-grained
layers have been observed), 6,400 pg/L for naphthalene, 20 pg/L for
benzo(a)pyrene, and 53 pg/L for arsenic.

The entire groundwater model domain was used for this analysis and initial conditions
outside of the fine-grained layers remained unchanged from the baseline simulation.
Since this evaluation focuses on the scale of a single representative fine-grained layer,
additional virtual observation wells were added to the groundwater model cells within the
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fine-grain zones with the highest concentration after the groundwater model simulation,
or in the cells where COC concentrations remained above the MCLs the longest during
the groundwater model simulations.

Restoration timeframes were estimated for three pumping scenarios: no pumping,
pumping at the optimized pumping rate (90 gpm: see Section A5.2), and pumping at
twice the optimized pumping rate. Restoration timeframes calculated under these
scenarios assuming a homogeneous aquifer or a heterogeneous aquifer are presented in
Table A-19. If restoration for a COC is not achieved within the timeframe of the
groundwater model (100 or 200 years), the highest remaining concentration of that COC
is provided. In this analysis concentrations were compared to the following cleanup
levels: 1.4 pg/l for naphthalene, 5 pg/L for benzene, 0.2ug/L for benzo(a)pyrene, and
10 pg/L for arsenic. Results were as follows:

e When Deeper Alluvium heterogeneity is simulated within the natural flushing
(i.e., no pumping) scenario, benzene attenuates to concentrations below the MCL
within 30 years. Arsenic and benzo(a) pyrene still exceed their respective MCLs
after 100 years. The highest residual arsenic concentration is 53 pg/L and the
highest residual benzo(a)pyrene concentration is 20 pg/L, both located within
low-permeability layers of the Deeper Alluvium.

e Under the homogeneous natural flushing assumption, benzene in the Deeper
Alluvium attenuates to concentrations below the MCL of 5 pg/L within 13 years.
Naphthalene attenuates below the PRG (1.4 pg/L) within 53 years. Groundwater-
modeled predicted concentrations of arsenic and benzo(a)pyrene in groundwater
exceed their respect MCLs after 200 years. The highest residual arsenic
concentration in the Deeper Alluvium is 33 pg/L (MCL equal to 10 pg/L) and the
highest residual benzo(a)pyrene concentration is 4.2 pug/L (MCL equal to
0.2 pg/L).

Pump and treat results in a slight improvement (reduction) in the restoration timeframes
under both heterogeneous and homogeneous assumptions. Doubling the optimized
extraction flowrate (based on plume capture) did not significantly improve restoration
timeframe under either heterogeneous or homogeneous assumptions.

A5.1.2 Excavation Residuals Sensitivity Analysis
Contaminant removal by excavation could leave behind residual contamination at the
base of the excavation. This section evaluates the potential for such residuals to extend
the restoration timeframe.

The potential contribution from residual contamination was evaluated by inserting a 2-
inch layer of contaminated Shallow Alluvium soil at the base of the Shallow Alluvium,
representing residual benzene and benzo(a)pyrene. In total, seven additional layers were
added to the groundwater model to allow simulation of contaminant transport at a higher
resolution. These seven included the approximately 2-inch layer and six layers below it.
The initial conditions applied to the groundwater model assumed sorbed concentrations
of 5 milligrams/kilograms (mg/kg) (benzene) and 10 mg/kg (benzo[a]pyrene) within the
2-inch layer throughout the Site. The initial dissolved concentrations were calculated
assuming soil:water equilibrium by applying their respective Kq values. The groundwater
model simulates 100 years of transport following the excavation and assumes a natural
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gradient and a homogeneous Deeper Alluvium. Initial COC concentrations in the Deeper
Alluvium were set to zero to estimate the contribution from the residual layer.

Including the residual contamination layer in the groundwater model run did not increase
the time (13 years) for benzene to attenuate below the MCL relative to that estimated by
the natural flushing simulation. The residual layer contributed to a maximum additional
benzo(a)pyrene concentration of 1.3 pg/L after 100 years. The estimated volume of
groundwater exceeding the benzo(a)pyrene MCL was 14 million gallons. This value was
used for the error bar shown on Figure A-28 for benzo(a)pyrene plume volume under
Alternative 10.

A5.2  Pump and Treat System Optimization
Pumping wells were introduced to the groundwater model to evaluate the effect of pump
and treat on the restoration timeframe. The groundwater model was first used to optimize
extraction well placement and pumping rate so as to achieve complete plume capture
(described below). The new groundwater flow field for the pumping condition was then
imported into the contaminant fate and transport model to predict contaminant elution
and, as a result, restoration timeframe.

Pumping wells are simulated within the MODFLOW groundwater model using the multi-
node well package (Halford and Hanson 2002). The Multi-node well package simulates
pumping across multiple MODFLOW layers and calculates drawdown within the well.
The package takes into account the head, hydraulic conductivity and grid spacing of
pumping cells, and represents the pumping impacts across multiple layers within the
groundwater model.

The number, location, and flow rate of groundwater pumping wells was adjusted under
steady state conditions to optimize hydraulic capture while reducing total volume
extracted. Each pumping well was screened in the top of the Deeper Alluvium,
approximately 30 to 50 feet bgs, to optimize capture of contaminated groundwater.

MODFLOW’s particle tracking package, MODPATH (Pollack 1994), was used to
evaluate the effectiveness of capture. MODPATH results show the advective movement
of particles as flow lines through an established groundwater flow field. Three lines of
100 particles (elements used to designate flow lines) representing the extent of the
arsenic, benzene, and benzo(a)pyrene plumes were placed across the Site, approximately
10 feet below the top of the Deeper Alluvium. The particles were then traced forward
through the groundwater model to represent the capture area. As the flow rate increased,
the width of capture also increased. Complete groundwater capture is achieved when all
flow lines from the plume edges are captured by the wells.

Particle tracks representing capture predicted by the groundwater model are presented on
Figures A-35 and A-36. Based on the groundwater modeling, steady-state hydraulic
capture is achieved with a minimum of six wells and a total flow rate of 90 gpm
distributed evenly between the wells (15 gpm/well). This configuration was implemented
in the contaminant transport model. Capture was also achieved by a flow rate of 80 gpm
from 12 wells. The 90 gpm scenario was chosen because it would require less
infrastructure and, therefore, lower capital costs.
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A5.3 Construction Dewatering - Alternatives 9 and 10

To effectively remove and handle contaminated soil and to maintain excavation stability,
dewatering would be required during soil excavation to meet two goals: 1) dewater the
saturated contaminated soil in place such that excavation occurs in unsaturated conditions
and 2) depressurize the Deeper Alluvium to prevent heaving or destabilization of the
excavation bottom. The Deeper Alluvium is a semi-confined aquifer with a
potentiometric surface (head) 20 to 40 feet above the bottom of the Shallow Alluvium.

A5.3.1 Excavation Dewatering (Shallow Alluvium)
Means and methods for dewatering the Shallow Alluvium would be determined during
remedial design but may include temporary sumps within the open excavation and/or
well points outside the excavation. Sumps are an effective means of dewatering
excavations within lower permeability material where the groundwater heads need only
to be depressed several feet. If sumps are inadequate for dewatering, closely-spaced
vacuum well points outside the excavation footprint would be required.

A5.3.2 Depressurization of Deeper Alluvium
Reduction of head in the Deeper Alluvium would require pumping wells screened across
the Deeper Alluvium. Pumping wells have the ability to effectively dewater large areas in
permeable sediments and may produce large amounts of water. Dewatering pumping
wells typically consist of 6- to 12-inch casings installed in 10- to 16-inch boreholes.
Screen designs and filter packs are specified based on the grain size of the water-bearing
zone. Submersible pumps are generally placed inside the well casing near the bottom of
the screened interval.

To limit the potential for contaminant carry down, depressurization wells would be
completed using double casing drilling techniques (sealing off the Shallow Alluvium
prior to advancing drilling through the Shallow Alluvium and into the Deeper Alluvium)
similar to that done during installation of wells BH-30C and BH-20C.

A5.3.3 Estimated Excavation Dewatering Flow Rates (Shallow

Alluvium)
An analytical solution was used to estimate dewatering required for implementation of
Alternative 9. The volume of water required to effectively dewater an excavation within
the Shallow Alluvium is directly proportional to the average hydraulic conductivity of the
Shallow Alluvium and increases the closer the excavation is to Lake Washington.

For open excavations (i.e., no groundwater cutoff), preliminary volumes for dewatering
were first estimated analytically by assuming an equivalent well radius (Powers 1992)
equal to that of an expected excavation cell size ranging from 0.1- to 1-acre to an average
depth of 20 feet bgs®®. Assuming the hydraulic conductivities and excavation heads from
the calibrated groundwater model, we estimate that 60 to 100 gpm would flow into an
excavation near the Railroad Area (BH-30) under steady-state conditions. Flow rates
would increase with decreasing distance to Lake Washington. Near the shoreline (e.g.,

10 As noted, the estimated dewatering flowrate was based on an assumed average excavation depth of
20 feet. Alternative 9 assumes an average excavation depth of 15 feet; therefore, this evaluation is
considered conservative.
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near BH-20), estimated flow rates range from 300 to greater than 1,000 gpm for cell sizes
ranging from 0.1- to 1-acre, respectively.

The calculation assumes steady state conditions, whereas initial flow rates would be
greater to reduce aquifer storage. The estimate does not account for surface runoff
potentially entering the excavation.

If sheet piles or other methods are used to isolate excavation cells and limit lateral
leakage from the Shallow Alluvium, seepage would occur through the bottom of the
excavation. Assuming an average excavation depth of 20 feet, an average of 15 feet
below the water table, approximately 1 to 56 gpm would enter an excavation cell of 0.1 to
4 acres, respectively.

A5.3.4 Estimated Depressurization Flow Rates (Deeper

Alluvium)
Depressurization of the Deep Aquifer would be required for excavations included in
Alternative 10. Flow rates required to depressurize the Deeper Alluvium unit were
calculated by a similar method assuming the head in the aquifer needs to be lowered to
the same elevation as the excavation bottom, at an average depth of 35 feet bgs, for a net
zero gradient across soils underlying the excavation. Assuming the hydraulic
conductivities and excavation heads from the groundwater model, we estimate that
several thousand gpm would need to be withdrawn from the Deeper Alluvium to achieve
the necessary 32 feet of drawdown under steady-state conditions.

The higher hydraulic conductivity (3 x 102 cm/sec) of the Deeper Alluvium requires the
higher flow rates to achieve depressurization; therefore, groundwater cutoff should be
considered to reduce flow rates to achievable levels. Using the calibrated groundwater
flow model, depressurization flow rates were predicted with assumed increasing sheet
pile embedment. Sheet piles would be driven through the Shallow Alluvium, thereby
cutting off shallow groundwater inflow to the excavation (which is also significant near
shore). Because of the anisotropic nature of the Deeper Alluvium, increased sheet pile
embedment into the Deeper Alluvium forces longer vertical groundwater flow paths and
lower groundwater flow rates.

Estimated depressurization flow rates for the Railroad Area and shoreline are presented in
Table A-20. They range from 52 to 740 gpm for an excavation cell size ranging from
0.25 to 2 acres with sheet piles driven 1.5 times the depth of the Shallow Alluvium and
dewatering depth of 35 to 40 feet bgs. For similar size cells, the flow rates decrease to
100 to 400 gpm when the sheet pile wall is advanced 20 additional feet. The required
flow rate to dewater a 2-acre area with sheet piles advanced to 1.5 times the Shallow
Aquifer thickness plus an additional 40 feet is estimated to be 400 gpm; the estimate is
570 gpm when sheet piles are only advanced an additional 20 feet.

In all scenarios, the depressurization wells were placed inside the sheet pile wall and
screened in the upper 20 feet of the Deeper Alluvium. An excavation encompassing the
entire Site with a sheet pile embedment of approximately 80 feet bgs would require a
dewatering rate of approximately 2,500 gpm as predicted by the groundwater model;
however, at this large pumping rate, there are significant boundary affects, particularly at
the upgradient constant head boundary, that lead to significant overestimation of required
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pumping. The eastern model boundary is simulated as a constant head boundary
condition and so even when the influence of pumping wells reaches the boundary, the
heads are held at the original water level and an unlimited amount of water is allowed to
flow through the boundary in order to hold the water level at the fixed height. The result
is that the simulation allows approximately an additional 1,200 gpm to flow through the
eastern model boundary under dewatering. Yet actual dewatering is still expected to be
significant; even when the flow captured from the eastern boundary condition is
disregarded, approximately 1,300 gpm is captured from Lake Washington to the west to
simulate dewatering of the entire Site.

The required number and location (spacing) of depressurization wells would be
determined during remedial design, but preliminary groundwater modeling suggests a
minimum of four wells arranged evenly within the interior of the sheet pile wall would be
required to effectively dewater a 1-acre excavation located near the shoreline. The
induced downward gradient along the outside of the sheet pile wall with the deepest
embedment is 0.07 feet/foot. The depressurization radius of influence (defined as 0.5 feet
of drawdown) would extend approximately 1,600 feet from the excavation.
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Table A-1 Contaminant Fate and Transport Parameters’
Quendall Terminals
Renton, Washington

Hydrostratigraphic Kq® (L/kg)
Unit foo’ Benzene Naphthalene Benzo(a)pyrene Arsenic*
Fill 0.09% 0.054 0.55 256 29
Shallow Alluvium 0.29% 0.18 1.8 856 29
Deep Alluvium 0.09% 0.054 0.55 256 29
Lake Sediments 0.29% 0.18 1.8 856 29
Contaminant Half Life (days)’
Benzene 720
Naphthalene 258
Benzo(a)pyrene 4,000
Arsenic Not Simulated
Notes:

Longitudinal dispersivity equals 7.5 feet, transverse dispersivity equals 1 foot, and vertical dispersivity equals 0.75 feet.

! Bulk density assumed constant at 1.7 g/lcm® as in previous modeling studies (Retec 1998). Log K,. assumed equal to
1.79 L/kg for benzene, 2.8 L/kg for naphthalene, and 5.47 for benzo(a)pyrene (Hart Crowser 1997 and Retec 1998).

% Referenced from Hart Crowser 199'[78:; they are the minimum values measured on site and were used for previoius
art Cr

contaminant transport modeling ( owser, 1997; and Retec, 1998) and provide a conservative estimate of groundwater
plume extent.

% Soil/water sorption coefficient (Kg) = e * Ko -
*Kq4 for arsenic is from WAC 173-340-900, Table 747-3.

®> Based on anaerobic half lives found in the literature and past modeling studies (Howard 1991, Aaronson 1997, and Retec
1998) as discussed in Section A3.1.2.

Abbreviations:

foc = fraction organic carbon

L/kg = liters per kilogram

K4 = sorption coefficient

Ko = soil organic carbon-water partitioning coefficient
MTCA = Model Toxics Control Act
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Table A-2 Measured Dissolved Oxygen Concentrations

Quendall Terminals
Renton, Washington

Monitoring | Temperature | Conductivity | Dissolved Oxygen ORP
Well (°C) (umhos/cm) (mg/L) (mV)
BH-5A 14.69 348 0.62 213.5
BH-5B 15.06 445 1.14 -398.5
BH-18A 12.12 986 0.91 188.7
15.21 900 0.9 53.9
BH-18B 13.1 309 0.5 235.9
13.92 324 0.28 72.3
BH-19 11.67 877 1.34 227.2
15.47 996 0.93 -80.8
BH-19B 12.51 406 0.51 229
14.6 374 1.99 -384
BH-20A 13.23 467 0.45 203.2
15.22 515 141 -378
BH-20B 13.12 450 0.26 204.8
14.11 536 0.71 -52.9
BH-20C 16.09 153 1.44 -298
BH-21A 17.99 762 0.61 -51.4
BH-21B 12.8 512 0.56 196.1
14.16 551 0.69 -96.5
BH-22 11.88 352 1.08 -13.2
BH-23 14.66 950 1.65 -322.1
BH-24 13.23 658 0.99 248.2
13.86 773 0.4 -375
BH-25AR 17.4 731 0.35 -64.9
BH-26A 14.64 387 0.3 -3.7
BH-26B 12.99 604 0.24 -88
BH-28 13.17 490 0.91 220.8
12.76 473 0.44 -67.8
BH-28B 13.41 353 1.18 230
BH-29A 15.6 482 0.2 -84.3
BH-29B 14.51 559 0.25 12.3
BH-30C 12.44 162 0.39 -433
RW-NS-1 14.15 1044 0.42 118.8
Statistics
Minimum 11.67 153 0.2 -433
Maximum 17.99 1044 1.99 248.2
Std. Deviation 1.47 241 0.47 228.2
Median 13.92 490 0.62 -13.2
Average 14.04 554 0.77 -27.1
Notes:

Data referenced from Table C-3 of Appendix C of the Quendall RI (Anchor QEA and Aspect 2012).

Abbreviations:

°C = degrees Celsius
mg/L - milligram(s) per liter
mV = millivolts

ORP = oxidation-reduction potential
pmhos/cm = micro ohms per centimeter

Aspect Consulting

11/6/2015

S:\Quendall Terminals 020027\Task 11 - FS Report\FINAL FS\Appendices\Appendix A\App A Tables\Appendix A Tables_Oct9

DRAFT

Table A-2

Page 1 of 1



Table A-3 Source Area Concentrations®
Quendall Terminals
Renton, Washington

DNAPL-Related COC Concentrations

Aspect Consulting

11/6/2015

Benzo(a)pyrene | Naphthalene . 2

Monitoring Concentration |Concentration Benzene Concentration (g/L)
Well (ng/L) (ng/L) Zone 1l Zone 2 Zone 3 Zone 4 Zone5
BH-5 362 16,000 - - - - 31,000
BH-19 ND 25 - - - - 59
BH-21A 24.6 2,100 4 - - - -
BH-20A 11.7 10,000 - - - - 7,900
BH-25A(R) ND 11,000 - 510 - - -
BH-23 ND 300 - - - 350 -
RW-NS1 ND 760 - - - 58 -
RW-QP1 ND 11,000 - - - - 7,700
Q9 Footnote 3 45,000 - 1,600 - - -
Q14-W - - - - ND - -

Average® 133 11,000 4° 1,100 ND° 200 12,000
Arsenic Concentrations

Arsenic

Monitoring Concentration
Well (ug/L) Notes:
BH-19 25.3 ' COC concentrations from RI Report Figures 5.2-1, 5.2-2, 5.2-8, 5.2-9, 5.2-14,
BH-5A 53.8 5.2-16 and 5.2-17 (Anchor QEA and Aspect 2012).
BH-5 215 ? Benzene DNAPL zones are shown on Figures A-1, A-2, and A-3.
BH-25A(R) 13.5 % Excluded from average because value exceeded COC solubility.
BH-5B 10.3 * Arithmetic average used rather than geometric average so the average is not
BH-20B 50.9 biased low by the relatively small number of low concentrations.
BH-21B 109 ® Not simulated in the model because of relative low concentration.
BH-26B 31.8 ® Non-detect; therefore, not simulated in the groundwater model.
BH-28B 34.2 - Dash indicates well not located in hydrocarbon source zone.
Average 39

Abbreviations:
COC = Chemicals of concern

DRAFT

ND = COC was not detected and therefore not included in average concentration value.

pg/L = micrograms per liter
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Table A-4 Case Studies for Solidification of Coal Tar

and Creosote Constituents

Quendall Terminals
Renton, Washington

Site Hydraulic Source
Site Name Location Date Conductivity
South 8th Street Landfill West M hi
ou reet tandh est MemphIS,— 1999-2000 EPA 2009
Superfund Site AR s
1x10 "~ cm/sec
Georgia P C ; EPA 1999;
eorgia FoWer =ompany = i lumbus, GA  1992-1993 . ‘
Manufactured Gas Plant 1x10~ cm/sec EPRI 2003
Wi in Fuel and Light - 1.8x10” cm/
1SCoNSIn FUSTandHgnt = Vranitowoc, WI  1994-1995 XD CMISEC T Hepa 1999
former MGP facility
J.H. Baxter - Renton Site Renton, WA 2004 1.x10° cm/ Wilk 2007;
o ! X cmisec Hainsworth 2011
Wilk 2007;
American Creosote Works  Jackson, TN 1999-2000 1.x10° cm/sec !

Hainsworth 2011

Abbreviations:
cm/sec = centimeters per second
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Table A-5 Development of Remedial Alternatives DRAFT

Quendall Terminals
Renton, Washington

Comparison of Backfill Materials

L2
volume of DNAPL Percent of Plume Remaining

Backfill Type Treatment Area Treated in Gallons® Benzene Naphthalene Benzo(a)pyrene
.13
Treated Soil Area 1 29,281 68% 87% 97%
14
Imported Fill Area 1 29,281 68% 88% 96%

Comparison of Remedial Technologies and Treatment Areas

Percent of Plume Remaining?
Volume of DNAPL

Remedial Technology Treatment Areas Treated in Gallons® Benzene Naphthalene Benzo(a)pyrene
Area 1l 29,281 66% 85% 99%
In Situ Solidification®® Area 1 and 2 53,897 58% 82% 99%
Area 1 through 3 87,422 52% 78% 99%
Area l 29,281 71% 87% 97%
.3 Area l and 2 53,897 62% 83% 93%
Excavation Area 1 through 3 87,422 53% 77% 87%
Areas 1, 4,5, and 6 145,480 61% 85% 83%

Notes:
Volume calculation documented in Appendix E.
? Percent of pre-remediation plume volume remaining after 100 years after alternative implementation.
% Assumes excavation of DNAPL, on-site treatment, and backfill with treated soil (K=1.0 x 10 cm/s).
* Assumes excavation of DNAPL with off-site disposal and replacement with clean imported fill (K= 1.0 x 107 cm/s).
®> Assumes in situ solidification of DNAPL.
® percent plume remaining includes solidified zone.
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Table A-6 Evaluation of Remedial Alternatives -
Aggregate Plume Volumes

Quendall Terminals
Renton, Washington

Aggregate Plume Volume in MG*

All Aquifers Combined

Upland Deep Aquifer

Exceeds Exceeds Exceeds Exceeds
Alternative PRGs MCLs PRGs MCLs
Pre-Remediation 321 234 73.0 459
Alternative 1 323 241 73.5 46.6
Alternative 2 287 211 70.2 43.3
Alternative 3 233 162 57.0 32.7
Alternative 4 273 195 70.2 43.0
Alternative 5 224 155 57.3 32.8
Alternative 6 184 121 47.8 25.2
Alternative 7 65.0 51.7 23.3 16.0
Alternative 8 60.6 60.6 16.5 16.5
Alternative 9 74.4 53.3 26.0 16.2
Alternative 10 215 215 10.2 10.2

Aggregate Plume Volume as Percent”

All Aquifers Combined

Upland Deep Aquifer

Exceeds Exceeds Exceeds Exceeds
Alternative PRGs MCLs PRGs MCLs
Alternative 2 89% 87% 96% 93%
Alternative 3 72% 67% 78% 70%
Alternative 4 85% 81% 96% 92%
Alternative 5 69% 65% 78% 70%
Alternative 6 57% 50% 65% 54%
Alternative 7 20% 21% 32% 34%
Alternative 8 19% 25% 22% 35%
Alternative 9 23% 22% 35% 35%
Alternative 10 7% 9% 14% 22%

Notes:

! Reported relative to Alternative 1.

Abbreviations:

MCL = Maximum Contaminant Level (excludes naphthalene)
MG = millions of gallons of groundwater
PRG = Preliminary Remediation Goal
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Table A-7 Evaluation of Remedial Alternatives by COC DRAFT

Quendall Terminals
Renton, Washington

Plume Volume (MG) Plume Contaminant Mass (kg)

Alternative Benzene Naphthalene B[a]P Arsenic* Benzene Naphthalene B[a]P Arsenic
Pre-Remediation 226 292 23.3 31.6 317 990 5.71 4.54
Alternative 1 226 292 27.0 55.2 317 990 6.10 4.50
Alternative 2 196 262 26.6 54.5 284 907 6.04 4.61
Alternative 3 142 215 23.4 52.4 236 689 5.15 4.47
Alternative 4 181 256 25.3 54.0 191 789 5.46 4.61
Alternative 5 137 207 18.5 50.8 155 471 3.12 4.26
Alternative 6 98.8 171 14.4 48.4 98 258 1.55 3.96
Alternative 7 6.83 335 5.99 43.8 0.80 1.29 0.09 3.40
Alternative 8 0.00 0.00 18.0 49.3 0.01 0.00 0.49 3.92
Alternative 9 7.58 40.1 5.10 43.5 3.17 4.26 0.09 3.21
Alternative 10 0.00 0.00 0.00 19.1 0.00 0.00 0.04 2.10

Mass Flux at Mudline (kg/year) Restoration Timeframe (years)

Alternative Benzene Naphthalene B[a]P Arsenic Benzene Naphthalene B[a]P Arsenic
Pre-Remediation 292 363 2 Not Estimated >100 >100 >100 >100
Alternative 1 292 363 2.0 5.2 >100 >100 >100 >100
Alternative 2 213 252 15 4.9 >100 >100 >100 >100
Alternative 3 127 153 0.9 5.0 >100 >100 >100 >100
Alternative 4 76 140 0.3 5.2 >100 >100 >100 >100
Alternative 5 58 71 0.2 4.9 >100 >100 >100 >100
Alternative 6 40 39 0.1 4.9 >100 >100 >100 >100
Alternative 7 2 0.4 0.4 0.01 49 >100 >100 >100 >100
Alternative 8 0.03 0.01 0.03 4.8 28 98 >100 >100
Alternative 9 0.2 0.1 0.00 2.0 >100 >100 >100 >100
Alternative 10 0.00 0.00 0.00 0.7 14 46 03 >100

Notes:
* The expansion of arsenic plumes is the result of not using modeled source propagation to define the initial conditions for arsenic (see Section A3.6).
“ Benzene and naphthalene plume volumes under Alternative 9 are higher than volumes under Alternative 7 due to recontamination of excavation backfill.

s Modeling results do not include the potential contribution of residuals resulting from removal actions (i.e., excavation or dredging). It is expected, based on a model sensitivity analysis
(see Appendix A, Section A5.1.2.2), that residuals will result in benzo(a)pyrene exceedances after 100 years for all alternatives, including Alternative 10.

4 Reported relative to Alternative 1.

Abbreviations:
B[a]P = benzo(a)pyrene kg = kilograms MG = millions of gallons of groundwater
COC = chemical of concern kglyear = kilograms per year
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Table A-7 Evaluation of Remedial Alternatives by COC

Quendall Terminals

Renton, Washington

Plume Volume as Percent

Plume Contaminant Mass as Percent?

Aspect Consulting
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Alternative Benzene Naphthalene B[a]P Arsenic Benzene Naphthalene Bla]P  Arsenic’
Alternative 2 86% 90% 99% 99% 90% 92% 99% 103%
Alternative 3 63% 74% 87% 95% 74% 70% 84% 99%
Alternative 4 80% 88% 94% 98% 60% 80% 90% 102%
Alternative 5 60% 71% 69% 92% 49% 48% 51% 95%
Alternative 6 44% 59% 53% 88% 31% 26% 25% 88%
Alternative 7 3% 11% 22% 79% 0% 0% 2% 76%
Alternative 8 0% 0% 67% 89% 0% 0% 8% 87%
Alternative 9 3% 14% 19% 79% 1% 0% 1% 71%
Alternative 10 0% 0% 0% 35% 0% 0% 1% 47%

Mass Flux at Mudline as Percent?

Alternative Benzene Naphthalene B[a]P Arsenic
Alternative 2 73% 69% 73% 95%

Alternative 3 43% 42% 44% 97%
Alternative 4 26% 39% 17% 101%
Alternative 5 20% 19% 11% 95%
Alternative 6 14% 11% 6% 95%
Alternative 7 0% 0% 1% 94%
Alternative 8 0% 0% 1% 94%
Alternative 9 0% 0% 0% 38%
Alternative 10 0% 0% 0% 14%
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Table A-8 Groundwater Discharge to Lake Washington

Quendall Terminals

Renton, Washington

Darcy Flux to Lake Washington Darcy Flux to Lake Washington
(cm3/s per sz) (cm3/year per sz)
Nearshore | Offshore Nearshore Offshore

Current Conditions (No remedial technologies implemented)

Maximum 1.7E-05 3.1E-06 543 96.8

Average 5.6E-06 2.4E-06 177* 74.6
Upland Capping

Maximum 1.4E-05 3.0E-06 427 94.4

Average 4.7E-06 2.3E-06 1472 72.8
Upland Capping and Funnel and Gate System

Maximum 1.3E-05 3.1E-06 397 99.2

Average 4.0E-06 2.5E-06 126 78.1
Notes:

! Value used to model current conditions and calibrate the UT model (refer to Appendix B2,
Section B2-3.2.1.3).

% Value used to model nearshore cap conditions using UT model (refer to Appendix B2, Section B-4.2.2.2).

Abbreviations:

cm/s = centimeters per second
cm/year = centimeters per year
UT = University of Texas

Aspect Consulting
11/6/2015

S:\Quendall Terminals 020027\Task 11 - FS Report\FINAL FS\Appendices\Appendix A\App A Tables\Appendix A Tables_Oct9

DRAFT

Table A-8

Page 1ofl



Table A-9 Parameter Sensitivity Analysis' DRAFT
Quendall Terminals
Renton, Washington
Decay Sensitivity Analysis®
Half Life (days)
Benzene Benzo(a)pyrene Naphthalene Arsenic
High Half Life 3,600 Not Simulated 1,290 Not Simulated
Low Half Life 112 1,484 40 Not Simulated
K4 Sensitivity Analysis®
Hydrostratigraphic Kq (L/kG)
Unit Benzene Benzo(a)Pyrene Naphthalene Arsenic
High Ky Shallow Alluvium 0.9 4,280 9 145
Lake Sediments 0.9 4,280 9 145
Fill 0.27 1,280 2.75 145
Deeper Alluvium 0.27 1,280 2.75 145
Low Ky Shallow Alluvium 0.036 171.2 0.36 5.8
Lake Sediments 0.036 171.2 0.36 5.8
Fill 0.0108 51.2 0.11 5.8
Deeper Alluvium 0.0108 51.2 0.11 5.8
Source Concentration Sensitivity Analysis®
Concentration (pg/L)
Benzene
Benzo(a)pyrene  Naphthalene Arsenic Zone 1l Zone 2 Zone 3 Zone 4 Zone 5
High Concentration 200 16,000 58 Not Simulated 1,600 . Not 300 17,000
Simulated
Low Concentration 70 5,300 19 Not Simulated 530 . Not 100 5,800
Simulated
Notes:
! Base parameter values are reported in Tables A-1 and A-2.
2 Half Life end members are lowest estimated anaerobic half life (Howard 1991) and 500% of the base values.
® K4 end members are 500% and 20% of base values.
* Concentration end members are 50% and 150% of base parameters.
Abbreviations:
L/kg = liters per kilogram
Mg/L = micrograms per liter
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Table A-10 - Sensitivity Analysis Results by COC DRAFT
Quendall Terminals
Renton, Washington
Sensitivity Model Plume Volume (MG) Plume Contaminant Mass (kg)
Run Benzene Naphthalene B[a]P Arsenic Benzene Naphthalene B[a]P Arsenic
Alternative 1
Base Parameters 226.47 292.13 27.00 55.24 316.57 989.62 6.10 4.50
High Half Life 448.33 643.39 27.00 55.24 406.20 1,577.42 6.10 4.50
Low Half Life 69.63 76.14 26.98 55.24 204.73 597.35 6.09 4.50
High K4 226.70 290.23 19.50 41.10 316.73 989.20 5.43 4.62
Low Ky 226.45 292.05 49.41 36.40 316.47 989.66 8.12 1.86
High Concentration 254.03 310.81 28.04 64.66 452.22 1,439.55 9.17 6.84
Low Concentration 173.91 251.95 25.08 35.86 152.30 476.66 3.21 1.92
Alternative 7
Base Parameters 6.68 33.51 5.99 43.85 0.80 1.29 0.09 3.40
High Half Life 14.08 310.95 6.00 43.85 1.62 19.24 0.09 3.40
Low Half Life 1.14 3.03 5.98 43.85 0.23 0.18 0.09 3.40
High K4 8.00 186.80 1.00 30.27 1.03 44.01 0.01 3.27
Low Ky 6.68 26.50 24.73 31.20 0.80 0.88 0.56 1.71
High Concentration 9.32 42.44 6.72 49.79 1.20 1.93 0.14 5.10
Low Concentration 3.49 19.39 4.95 25.41 0.34 0.57 0.05 1.31
Alternative 8
Base Parameters 0.01 0.00 18.02 49.30 0.01 0.00 0.49 3.92
High Half Life 0.01 303.12 17.75 49.30 0.00 16.96 0.49 3.92
Low Half Life 0.00 0.00 17.73 49.30 0.00 0.00 0.48 3.92
High K4 0.01 207.90 8.09 35.53 0.00 54.17 0.12 3.89
Low Ky 0.01 0.00 40.65 38.50 0.01 0.00 1.63 2.17
High Concentration 0.01 0.37 19.07 57.21 0.01 0.00 0.73 5.94
Low Concentration 0.01 0.00 15.36 29.19 0.01 0.00 0.26 1.51
Abbreviations:

B[a]P = Benzo(a)pyrene kg = kilograms

Ky = Sorption coefficient MG = millions of gallons of groundwater
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Table A-10 - Sensitivity Analysis Results by COC DRAFT
Quendall Terminals
Renton, Washington
Sensitivity Model Mass Flux at Mudline (kg/year) Restoration Timeframe (years)
Run Benzene Naphthalene B[a]P Arsenic Benzene Naphthalene B[a]P Arsenic
Alternative 1
Base Parameters 292.10 363.27 2.05 5.17 >100 >100 >100 >100
High Half Life 327.02 540.29 2.05 5.17 >100 >100 >100 >100
Low Half Life 230.29 208.39 2.04 5.17 >100 >100 >100 >100
High K4 292.19 362.97 1.87 4.73 >100 >100 >100 >100
Low Ky 291.97 363.29 3.06 477 >100 >100 >100 >100
High Concentration 414.14 528.37 3.08 5.55 >100 >100 >100 >100
Low Concentration 141.19 175.03 1.08 4.78 >100 >100 >100 >100
Alternative 7
Base Parameters 0.43 0.36 0.01 4.86 >100 >100 >100 >100
High Half Life 0.74 4.59 0.01 4.86 >100 >100 >100 >100
Low Half Life 0.24 0.16 0.01 4.86 >100 >100 >100 >100
High K4 0.53 8.12 0.02 4.62 >100 >100 >100 >100
Low Ky 0.43 0.29 0.15 491 >100 >100 >100 >100
High Concentration 0.61 0.53 0.02 4.96 >100 >100 >100 >100
Low Concentration 0.21 0.17 0.01 4.75 >100 >100 >100 >100
Alternative 8
Base Parameters 0.03 0.01 0.03 4.85 28 98 >100 >100
High Half Life 0.04 3.07 0.03 4.85 85 >100 >100 >100
Low Half Life 0.02 0.00 0.03 4.85 6 18 >100 >100
High K4 0.03 7.37 0.00 4.64 85 >100 >100 >100
Low Ky 0.03 0.01 0.23 4.95 17 26 >100 >100
High Concentration 0.03 0.00 0.04 4.95 29 >100 >100 >100
Low Concentration 0.03 0.01 0.02 4.74 24 90 >100 >100
Abbreviations:

B[a]P = Benzo(a)pyrene kg = kilograms

Ky = Sorption coefficient MG = millions of gallons of groundwater
Aspect Consulting
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Table A-11 Sensitivity Analysis Results - Aggregate Plume Volume

Quendall Terminals
Renton, Washington

Aggregate Plume Volume (MG)

All Aquifers Combined Upland Deep Aquifer

Exceeds Exceeds Exceeds Exceeds
Sensitivity Model Run PRGs MCLs* PRGs MCLs*
Alternative 1
Base Parameters 323 241 73 47
High Half Life 651 462 79 50
Low Half Life 108 96 35 27
High Ky 323 237 75 48
Low Ky 319 237 70 42
High Concentration 351 271 78 52
Low Concentration 269 183 66 37
Alternative 7
Base Parameters 65 52 23 16
High Half Life 324 56 40 16
Low Half Life 49 49 16 16
High K4 193 36 a7 14
Low Ky 61 54 16 12
High Concentration 76 59 29 20
Low Concentration 40 31 12 8
Alternative 8
Base Parameters 61 61 16 16
High Half Life 322 60 22 16
Low Half Life 60 60 16 16
High K4 216 40 44 15
Low Ky 71 71 13 13
High Concentration 69 69 21 21
Low Concentration 40 40 8 8
Notes: Abbreviations:

! Naphthalene is excluded because it does not have an MCL.
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Table A-12 Estimated Sensitivity Analysis Results - Aggregate Plume Volume DRAFT
Quendall Terminals
Renton, Washington

Best Case Aggregate Plume Volume in MG

All Aquifers Combined Upland Deep Aquifer
Exceeds Exceeds Exceeds Exceeds

Alternative PRGs MCLs PRGs MCLs

Alternative 1 108 96 34.6 27.2

Alternative 2 98 86 33.2 25.1

Alternative 3 84 70 27.1 18.2

Alternative 4 95 81 33.2 24.9

Alternative 5 82 68 27.2 18.3

Alternative 6 72 57 22.9 13.4

Alternative 7 40 31 12.4 7.5

Alternative 8 40 40 7.8 7.8

Alternative 9 43 35 12.8 7.6

Alternative 10 30 24 55 3.7

Worst Case Aggregate Plume Volume in MG
All Aquifers Combined Upland Deep Aquifer
Exceeds Exceeds Exceeds Exceeds

Alternative PRGs MCLs PRGs MCLs

Alternative 1 651 462 78.8 52.3

Alternative 2 606 397 76.6 48.8

Alternative 3 538 292 68.4 37.6

Alternative 4 588 363 76.7 48.5

Alternative 5 526 278 68.6 37.7

Alternative 6 476 204 62.7 29.6

Alternative 7 324 59 46.7 19.6

Alternative 8 322 70.5 43.7 20.8

Alternative 9 337 58.9 49.1 20.2

Alternative 10 271 0.0 39.2 13.8
Notes: Abbreviations:
Values shaded in grey are estimated sensitivity results as described in Section A3.7. MCL = Maximum Contaminant Level
Modeling results do not include the potential contribution of residuals resulting from removal actions (i.e., excavation or MG = millions of gallons of groundwater
dredging). It is expected, based on a model sensitivity analysis (see Appendix A, Section A5.1.2.2), that residuals will PRG = Preliminary Remediation Goal

result in benzo(a)pyrene exceedances after 100 years for all alternatives, including Alternative 10.
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Table A-13 Estimated Sensitivity Results by COC - Plume Volume DRAFT

Quendall Terminals
Renton, Washington

Best Case Plume Volume (MG)
Alternative Benzene Naphthalene Benzo[a]pyrene Arsenic
Alternative 1 70 76 20 36
Alternative 2 60 68 18 35
Alternative 3 43 55 15 33
Alternative 4 55 66 17 34
Alternative 5 42 53 11 31
Alternative 6 30 43 7 29
Alternative 7 1 3 1 25
Alternative 8 0 0 8 29
Alternative 9 2 8 0 25
Alternative 10 0 0 0 2
Worst Case Worst Case Plume Volume in MG
Alternative Benzene Naphthalene Benzo[a]pyrene Arsenic
Alternative 1 448 643 49 65
Alternative 2 388 605 50 64
Alternative 3 281 548 46 61
Alternative 4 358 598 48 63
Alternative 5 271 538 40 59
Alternative 6 196 495 35 56
Alternative 7 14 311 25 50
Alternative 8 0 303 41 57
Alternative 9 15 336 24 49
Alternative 10 0 288 0 18
Notes: Abbreviations:
Values shaded in grey are estimated sensitivity results as described in Section A3.7. MCL = Maximum Contaminant Level
Benzo[a]pyrene is expected to restore immediately following implementation of Alternative 10; MG = millions of gallons of groundwater
therefore, benzo[a]pyrene plume volume is assumed to be 0 MG for Alternative 10. PRG = Preliminary Remediation Goal

Modeling results do not include the potential contribution of residuals resulting from removal actions
(i.e., excavation or dredging). It is expected, based on a model sensitivity analysis (see Appendix A,
Section A5.1.2.2), that residuals will result in benzo(a)pyrene exceedances after 100 years for all
alternatives, including Alternative 10.

Values are rounded to the nearest whole number.

Aspect Consulting

11/6/2015 Table A-13
S:\Quendall Terminals 020027\Task 11 - FS Report\FINAL FS\Appendices\Appendix A\App A Tables\Appendix A Tables_Oct9 Page 1of1l



Table A-14 Estimated Sensitivity Results by COC - Plume Mass DRAFT

Quendall Terminals
Renton, Washington

Best Case Plume Mass (kg)

Alternative Benzene Naphthalene Benzo[a]pyrene Arsenic
Alternative 1 152 477 3 2
Alternative 2 137 437 3 2
Alternative 3 113 332 3 2
Alternative 4 92 380 3 2
Alternative 5 74 227 2 2
Alternative 6 47 124 1 2
Alternative 7 0 0 0 1
Alternative 8 0 0 0 2
Alternative 9 1 2 0 1
Alternative 10 0 0 0 1

Worst Case Worst Case Plume Mass (kg)

Alternative Benzene Naphthalene Benzo[a]pyrene Arsenic
Alternative 1 452 1,577 9 7
Alternative 2 406 1,450 9 7
Alternative 3 337 1,112 8 7
Alternative 4 272 1,268 8 7
Alternative 5 221 776 5 6
Alternative 6 140 447 3 6
Alternative 7 2 44 1 5
Alternative 8 0 54 2 6
Alternative 9 5 55 1 5
Alternative 10 0 48 0 3
Notes: Abbreviations:

Values shaded in grey are estimated sensitivity results as described in Section A3.7. kg = kilograms
Benzo[a]pyrene is expected to restore immediately following implementation of Alternative 10; MCL = Maximum Contaminant Level
therefore, benzo[a]pyrene plume mass is assumed to be 0 kg for Alternative 10. PRG = Preliminary Remediation Goal

Values are rounded to the nearest whole number.
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Table A-15 Estimated Sensitivity Results by COC - Mass Flux DRAFT

Quendall Terminals
Renton, Washington

Best Case Mass Flux (kg/year)

Alternative Benzene Naphthalene Benzo[a]pyrene Arsenic
Alternative 1 141 175 1 5
Alternative 2 103 121 1 5
Alternative 3 61 74 0 5
Alternative 4 37 68 0 5
Alternative 5 28 34 0 5
Alternative 6 19 19 0 5
Alternative 7 0 0 0 5
Alternative 8 0 0 0 5
Alternative 9 0 0 0 4
Alternative 10 0 0 0 3

Worst Case Mass Flux (kg/year)

Alternative Benzene Naphthalene  Benzo[a]pyrene Arsenic

Alternative 1 414 540 3 6

Alternative 2 302 377 2 5

Alternative 3 180 232 1 5

Alternative 4 108 213 1 6

Alternative 5 82 111 0 5

Alternative 6 56 65 0 5

Alternative 7 1 8 0 5

Alternative 8 0 7 0 5

Alternative 9 0 8 0 4

Alternative 10 0 7 0 3

Notes: Abbreviations:

Values shaded in grey are estimated sensitivity results as described in Section A3.7. kg/year = kilograms per year
Values are rounded to the nearest whole number. MCL = Maximum Contaminant Level

PRG = Preliminary Remediation Goal
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Table A-16 Dewatering Estimates - Wet Excavation DRAFT
Quendall Terminals
Renton, Washington

Maximum Estimated Dewatering Depth Sheet Pile Embedment Depth
Excavation Dewatering (feet bgs) (feet bgs)
Area in Depth Flow Rate Number of
Excavation Cell | Square Feet (feet bgs) (gpm) Minimum Maximum Minimum Maximum Wells
1 13,343 34 91 19 21 47 51 6
2 7,985 22 0 - - - - -
3 13,7060 14 0 - - - - -
4 80,281 18 137 9 20 38 49 4
5 12,790 24 0 - - - - -
6 5,541 27 68 13 19 53 62 3
7 84,507 22 207 9 19 47 65 6
8 11,746 19 47 8 13 50 89 3
9 20,084 15 0 - - - - -
10 30,708 32 119 19 22 36 37 5
DNAPL Trench™ 2,500 25 16 13 14 46 50 2
Quendall Pond 21,556 19 119 8 15 57 64 6

Notes:
" Excavation Cells 1 through 10 and the Quendall Pond excavation are included in Alternative 8.
” The DNAPL Trench is the collection trench included in Alternatives 3 through 7.
- The dash indicates that depressurization of the Deep Aquifer was not required.

Abbreviations:
bgs = below ground surface
gpm = gallons per minute
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Table A-17 Dewatering Estimates - Dry Excavation DRAFT
Quendall Terminals
Renton, Washington
Maximum Estimated Dewatering Depth Sheet Pile Embedment Depth
Excavation Dewatering (feet bgs) (feet bgs)
Area Depth Flow Rate Number of
Excavation Cell | in square feet (feet bgs) (gpm) Minimum Maximum Minimum Maximum Wells
1 13,343 34 202 34 38 47 51 6
2 7,985 22 94 22 25 44 49 2
3 13,7060 14 301 14 20 40 59 8
4 80,281 18 462 19 27 38 49 7
5 12,790 24 171 24 29 51 59 4
6 5,541 27 143 27 31 53 62 3
7 84,507 22 592 22 32 44 49 6
8 11,746 19 143 19 23 50 89 3
9 20,084 15 119 15 19 50 53 3
10 30,708 32 228 32 34 45 47 6
DNAPL Trench** 2,500 26 50 25 27 46 50 2
Notes:
" Excavation Cells 1 through 10 are included in Alternative 8.
“ DNAPL Trench is the collection trench included in Alternatives 3 through 7.
Abbreviations:
bgs = below ground surface
gpm = gallons per minute
Aspect Consulting
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Table A-18 Fine Grain Layers in the Deeper Alluvium

Quendall Terminals
Renton, Washington

Silty Sand Lens Silt Lens

Boring ID Depth to Top Depth to Bottom | Depthto Top Depth to Bottom
BH-5B - -- 49.5 50
BH-19B - -- 45.3 45.5
BH-20C 53 55.5 - -

62 62.5 - -

73.5 74.5 - -
BH-21B 43 50 38 39.5
BH-29B 45 46 - -
BH-30C -- -- 45.8 46.2
SWB-3 33 42 - -
SWB-4B 33.5 39 -- --
SWB-8 51 52 - -

61 83 -- --
Notes:

Depths are reported in feet below ground surface.
Dashes indicate layer not found in present log.
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Table A-19 - Restoration Potential Fate and Transport Model Results

Quendall Terminals
Renton, Washington

Sensitivity Analysis

Deeper Alluvium

Model Results - Time to Reach MCLs or PRGs® in Years” or

Maximum Concentration

Scenario Assumption® Pump and Treat’ | Naphthalene Benzene Benzo(a)pyrene Arsenic
> 100 Years > 100 Years

None 45 30 (20 pg/L) (53 pg/L)
Heterogeneous > 100 Years > 100 Years

90 gpm 45 26 (20 pg/L*) (53 ug/L)

: > 100 Years > 100 Years
Comparison of Heterogeneous 180 gpm 3 25 (20 pg/iL?) (53 ug/L)
and Homogeneous
Assumptions > 250 Years > 200 Years

None 53 13 (4.2 pg/L) (33 ug/L)
> 200 Years > 200 Years
Homogeneous 90 gpm 51 14 (3.8 ug/L) (30 pg/L)
> 200 Years > 200 Years
180 gpm -- 14 (3.5 ug/L) (16 ug/L)
> 100 Years

. idual s None -- 13 (1.3 pg/L) --

Excavation Residual Analysis [Homogeneous > 100 Years
90 gpm - 13 (3.3 pg/L)® -

Notes:

-- Model scenario was not performed for indicated COC.

* Simulation used 30 pg/L as initial condition in the low-permeability layers and negligible reduction observed.

Reported result assumes initial concentration of 20 pg/L would also exhibit negligible reduction.

! Model runs that simulate a heterogeneous Deeper Alluvium include a representative silt and silty sand zone.

2 Total pump and treat flow rate from 6 pumping wells near the shoreline.

3 Naphthalene PRG = 1.4 pg/L, benzene MCL = 5 pg/L, benzo(a)pyrene MCL = 0.2 ug/L, and arsenic MCL = 10 pg/L.

* The maximum concentration at the end of the simulation is reported when the COC does not attenuate below the MCL within the modeled timeframe.

> A greater remaining concentration was observed with pumping because of stagnation created by pumping.

Abbreviations:
gpm = gallons per minute

MCL = Maximum Contaminant Level
MTCA = Model Toxics Control Act

pg/L = micrograms per liter
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Table A-20 Dewatering Estimates for Locations DRAFT

near the Railroad Area and Shoreline
Quendall Terminals
Renton, Washington

Near Rail Road Area

Sheet Pile Embedment Dewater Depth Combined Pumping Rate
Excavation Area Depth (bgs) (feet bgs) (gpm)
1.5 x Shallow Alluvium
Thickness 3510 40 740
2 Acres 1.5_ x Shallow Alluvium
Thickness + 20 Feet 35t040 510
1.5 x Shallow Alluvium
Thickness + 40 Feet 3510 40 360
1.5 x Shallow Alluvium
Thickness 351t0 40 570
1 Acre 1.5 x Shallow Alluvium
Thickness + 20 Feet 35t0 40 310
1.5 x Shallow Alluvium
Thickness + 40 Feet 35t040 200
1.5 x Shallow Alluvium
Thickness 35t0 40 330
0.5 Acres 1.5 x Shallow Alluvium
Thickness + 20 Feet 3510 40 160
1.5 x Shallow Alluvium
Thickness + 40 Feet 3510 40 110
1.5 x Shallow Alluvium
Thickness 3510 40 180
1.5 x Shallow Alluvium
0-25Acres | i ickness + 20 Feet 35 t0 40 79
1.5 x Shallow Alluvium
Thickness + 40 Feet 3510 40 52

Abbreviations:
bgs = below ground surface
gpm = gallons per minute
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Table A-20 Dewatering Estimates for Locations DRAFT

near the Railroad Area and Shoreline
Quendall Terminals
Renton, Washington

Near the Shoreline

Sheet Pile Embedment Dewater Depth Combined Pumping Rate
Excavation Area Depth bgs (feet bgs) (gpm)
1.5 x Shallow Alluvium 35t0 45 940
Thickness
2 Acres 1.5 x Shallow Alluvium 20to 25 320
Thickness + 20 Feet 3510 45 570
1.5 x Shallow Alluvium 20 to 25 210
Thickness + 40 Feet 3510 45 400
1.5 x Shallow Alluvium 20 to 30 380
Thickness 3510 45 680
1 Acre 1.5 x Shallow Alluvium 20 to 30 210
Thickness + 20 Feet 3510 45 350
1.5 x Shallow Alluvium 20 to 30 130
Thickness + 40 Feet 35t0 45 210
1.5 x Shallow Alluvium 20to 30 230
0.5 Acres Thickness 3510 45 400
1.5 x Shallow Alluvium 20to 30 110
Thickness + 20 Feet 351t0 45 190
1.5 x Shallow Alluvium 20to 30 110
Thickness 35t0 45 210
0.25 Acres 1.5 x Shallow Alluvium 20to 30 52
Thickness + 20 Feet 35t0 45 94

Abbreviations:
bgs = below ground surface
gpm = gallons per minute
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DNAPL Thiessen Polygon
Hydrocarbon Source Zone
Detention Pond

Existing Structure
Historical Structure

Other Historical Feature

Current Shoreline

Maximum DNAPL Depth in Feet

Imported to model as depth of DNAPL
constant concentration boundary
condition (i.e., hydrocarbon source).
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Notes

1. Modified from Figure 4.4-5 of Quendall Terminals
RI Report (Anchor QEA and Aspect 2012).

2. Thiessen polygons based on midpoint between borings
of adequate depth and characterization, truncated at
property line.

3. See Appendix G, Figure G-1, and Table G-5 of the Rl Report
for maximum depth and area for each polygon.

4. DNAPL identified as oil-coated or oil-wetted soil.
Sheen and stained soil not identified as DNAPL.
See Section 4.3.1 for DNAPL definitions and
Tables G-1 through G-4 in Appendix G of the RI Report
for summaries of DNAPL characterization at each boring.
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Dashed line indicates estimate based on limited chemical data and groundwater
flow paths, and does not include dispersion. See figures 3-6 and 3-8.

Notes:

1. Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years.
2. Extents estimated from groundwater data adapted from figure 3-6.

3. Groundwater modeling results should be used as a relative tool for comparison and not

considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on
current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Naphthalene Plume from Site Data (Equal to 1.4 ug/L Isoconcentration Contour)?

Dashed line indicates estimate based on limited chemical data and groundwater
flow paths, and does not include dispersion. See figures 3-6 and 3-8.

Notes:

1. Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years.
2. Extents estimated from groundwater data adapted from figure 3-6.

3. Groundwater modeling results should be used as a relative tool for comparison and not

considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on
current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Benzo(a)pyrene Plume from Model (Equal to 0.2 ug/L Isoconcentration Contour)!
Benzo(a)pyrene Plume from Site Data (Equal to 0.2 ug/L Isoconcentration Contour)?

Dashed line indicates estimate based on limited chemical data and groundwater
flow paths, and does not include dispersion. See figures 3-6 and 3-8.

Notes:

1. Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years.
2. Extents estimated from groundwater data adapted from figure 3-6.

3. Groundwater modeling results should be used as a relative tool for comparison and not

considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on
current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Pre-remediation Plume Extent in Layer 2

Arsenic Plume from Model (Equal to 10 ug/L Isoconcentration Contour)®
Arsenic Plume from Site Data (Equal to 10 ug/L Isoconcentration Contour)?

Dashed line indicates estimate based on limited chemical data and groundwater
flow paths, and does not include dispersion. See figures 3-6 and 3-8.

Notes:

1. Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years.
2. Extents estimated from groundwater data adapted from figure 3-6.

3. Groundwater modeling results should be used as a relative tool for comparison and not

considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on
current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years.
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Benzene Plume from Model (Equal to 5 ug/L Isoconcentration Contour)t
Lake Washington Sediments Benzene Plume from Site Data (Equal to 5 ug/L Isoconcentration Contour)?

1.

2. Extents estimated from groundwater data adapted from figure 3-8.

3. Groundwater modeling results should be used as a relative tool for comparison and not
considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on

Dashed line indicates estimate based on limited chemical data and groundwater

flow paths, and does not include dispersion. See figures 3-6 and 3-8.
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current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Naphthalene Plume from Site Data (Equal to 1.4 ug/L Isoconcentration Contour)?

Lake Washington Sediments

Constant Head Boundary Cell

1.

2. Extents estimated from groundwater data adapted from figure 3-8.

3. Groundwater modeling results should be used as a relative tool for comparison and not
considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on

current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
Dashed line indicates estimate based on limited chemical data and groundwater

flow paths, and does not include dispersion. See figures 3-6 and 3-8.
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Benzo(a)pyrene Plume from Model (Equal to 0.2 ug/L Isoconcentration Contour)?®
Benzo(a)pyrene Plume from Site Data (Equal to 0.2 ug/L Isoconcentration Contour)?

Dashed line indicates estimate based on limited chemical data and groundwater
flow paths, and does not include dispersion. See figures 3-6 and 3-8. Dashed
extent is based on Site data adjusted based on soil data in the Shallow Alluvium.

Notes:

1. Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years. Model may over
predict the extent of benzo[a]pyrene in the Deep Aquifer due to modeling artifacts (see section A3.2.3).

2. Extents estimated from groundwater data adapted from figure 3-8.

3. Groundwater modeling results should be used as a relative tool for comparison and not considered a
prediction of actual conditions. For example, model-estimated benzo[a]pyrene plume volumes for all
alternatives are larger than anticipated based on current site data, due to simplifying modeling
assumptions (see Appendix A, Section A3.2).
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Arsenic Plume from Model (Equal to 10 ug/L Isoconcentration Contour)®
Arsenic Plume from Site Data (Equal to 10 ug/L Isoconcentration Contour)?

Dashed line indicates estimate based on limited chemical data and groundwater
flow paths, and does not include dispersion. See figures 3-6 and 3-8.

Notes:

1. Extents estimated by MODFLOW/MT3D assuming a hydrocarbon source for 100 years.
2. Extents estimated from groundwater data adapted from figure 3-8.

3. Groundwater modeling results should be used as a relative tool for comparison and not

considered a prediction of actual conditions. For example, model-estimated
benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based on

current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
shown that are not considered to contribute to total plume volume or mass. Calculated plume
volumes presented in Tables A-6 & A-7 do not include volumes of solidified soil.
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Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
shown that are not considered to contribute to total plume volume or mass. Calculated plume
volumes presented in Tables A-6 & A-7 do not include volumes of solidified soil.
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Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
shown that are not considered to contribute to total plume volume or mass. Calculated plume
volumes presented in Tables A-6 & A-7 do not include volumes of solidified soil.
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1. Extents estimated by MODFLOW/MT3D. Alternative extents assume hydrocarbon source for 100 years, followed by
implementation of alternative, and finally 100 years of attenuation.

2. No exceedances predicted in layer 2 for Alternative 9; however, exceedances are predicted in deeper layers (see figure A-20).

3. Modeling results do not include the potential contribution of residuals resulting from removal actions (i.e., excavation or
dredging). It is expected, based on a model sensitivity analysis (see Appendix A, Section A5.1.2.2), that residuals will result in
benzo[a]pyrene exceedances after 100 years for all alternatives, including Alternative 10.

4. Groundwater modeling results should be used as a relative tool for comparison and not considered a prediction of actual
conditions. For example, model-estimated benzo[a]pyrene plume volumes for all alternatives are larger than anticipated based
on current site data, due to simplifying modeling assumptions (see Appendix A, Section A3.2).
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Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
shown that are not considered to contribute to total plume volume or mass. Calculated plume
volumes presented in Tables A-6 & A-7 do not include volumes of solidified soil.

0 200 400 - — PROPERTY BOUNDARY - - —— - — —  _ _ _ __ __ /

Feet

4

DRAFT

. Notes:
Plume Extent in Layer 2 (Equal to 10 ug/L Isoconcentration Contour)

1. Extents estimated by MODFLOW/MT3D. Alternative extents assume 100
years of attenuation following implementation of alternative.

===—==Alternative 1 = Alternative 7 2. Layer 2 is the shallowest active layer and approximates the maximum
. - plume extent for most alternatives. Alternatives 8, 9, and 10, however,
Alternat!ve 2 [ZZ] Alternat!ve 8 produce plume extents that are greater in deeper layers (see Figure A-21).
Alternative 3 [C=""1 Atternative 9 3. Groundwater modeling results should be used as a relative tool for
Alternative 4 Alternative 10 comparison and not considered a prediction of actual conditions. For

Alt tive 5 example, model-estimated benzo[a]pyrene plume volumes for all
ernative alternatives are larger than anticipated based on current site data, due to
Alternative 6 simplifying modeling assumptions (see Appendix A, Section A3.2).

Model Simulated Arsenic Plume

Plan View
Quendall Terminals Feasibility Study Report
Renton, Washington

FIRM:

Aspect | @ aARcADIS 22 A-16

CONSULTING SM/SCC

FIGURE NO.

CAD Path: Q:\Quendall\020027 Quendall Terminals\2013-06 FS Draft Final\_Modeling Map Figures use ACAD 2012\020027-07.dwg Arsenic || Coordinate System: NAD 1983 State Plane Washington North FIPS 4601 Feet || Date Saved: Sep 18, 2013 2:51pm || User: scudd



Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
shown that are not considered to contribute to total plume volume or mass. Calculated plume
volumes presented in Tables A-6 & A-7 do not include volumes of solidified soil.
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Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
shown that are not considered to contribute to total plume volume or mass. Calculated plume
volumes presented in Tables A-6 & A-7 do not include volumes of solidified soil.
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1. Alternatives 8 and 10 are not depicted because they result in no concentrations exceeding 5 ug/L.

2. Extents estimated by MODFLOW/MT3D. Alternative extents assume hydrocarbon source for 100
years, followed by implementation of alternative, and finally 100 years of attenuation.

3. Groundwater modeling results should be used as a relative tool for comparison and not considered
a prediction of actual conditions. For example, model-estimated benzo[a]pyrene plume volumes for
all alternatives are larger than anticipated based on current site data, due to simplifying modeling
assumptions (see Appendix A, Section A3.2).
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Note on Soil Solidification:

Alternatives 3, 4a, 5, 6, 7, & 9 include solidification of large volumes of soil within the contours
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Engineering Evaluations in Support
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* B3 - Cap Armor Layer Evaluation
* B4 — Cap Geotechnical Considerations

¢ B5 — Sheet Pile Enclosure Calculations
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Appendix Bla

Determining a Background Threshold Value for Carcinogenic PAHs in Sediment

Introduction

The purpose of this appendix is to document the development of the sediment background threshold value (BTV)
for carcinogenic polycyclic aromatic hydrocarbons (cPAHs) used to estimate the area requiring remediation in the

offshore portion of the Quendall Site.l The BTV was developed based on an evaluation of cPAH sediment
samples collected in the vicinity of the Site that have concentrations of cPAH resulting from human activities that

are unrelated to releases from the Site.2 The BTV will be used to assess the extent of cPAH contamination that is
attributable to the Quendall Site for the purposes of establishing a remediation footprint for the Feasibility Study
(FS).

Offsite sediment samples to characterize local non-site-related cPAH concentrations were collected during the
2009 Quendall Remedial Investigation (RI) (Anchor QEA and Aspect 2012). These samples were collected because
preliminary risk calculations for human consumption of fish from Lake Washington, based on available Lake
Washington sediment data for cPAH (King County 2000) and conservative biota-sediment accumulation factors
and EPA default shellfish ingestion rates, indicated an excess cancer risk in the range of 10 to 10°. Because a
risk-based PRG would be lower than these levels (especially if tribal fish consumption rates were used), this
additional data collection effort was included in the Quendall Rl (described as a “background study”).

Regarding the use of the term “background”, the revised State of Washington Sediment Standards (SMS) include
definitions for, and the applicability of, both natural and regional background sediment concentrations for use in
site characterization and cleanup efforts. At this time, there are no published natural or regional background
values for Lake Washington. The purpose of the “background study” for Quendall was not intended to be used to
define either natural or regional background as defined in the SMS. The use for these data is limited to what is
described in this appendix.

The Final Data Collection Work Plan (Anchor QEA and Aspect 2009) includes details of the study design. Appendix
H of the RI Report includes preliminary statistical evaluation of these offsite data. This appendix describes further
evaluation of the offsite data as they apply to the FS.

A brief summary of the offsite cPAH sediment study design, the sampling results, and data usability is provided
below to provide context. The remainder of the appendix includes documentation of the BTV development, its
anticipated use, and cited references.

Brief Summary of the Offsite cPAH Sediment Study Design

The Rl field investigation included collection of 20 surface sediment samples (0 to 4 inches below the mudline)
along two transects, approximately 1 mile north and 1 mile south of the Quendall Site along the eastern Lake
Washington shoreline. Sediment samples were collected at similar water depths and in similar depositional
sediment environments to those at the Quendall Site. In accordance with the Final Data Collection Work Plan, ten
of the 20 samples (five from each of the north and south transects) were randomly selected and analyzed for
PAHs and total organic carbon (TOC).

1 Total cPAHs expressed as benzo(a)pyrene toxicity equivalency quotients (TEQs) using toxicity equivalency factors (TEFs) per California
Environmental Protection Agency guidance (CAEPA 2009) and summing the results. When calculating a cPAH TEQ, 1/2 the detection limit was used
for non-detects (U-flagged results); the maximum detection limit was used in cases where all seven cPAHs are non-detects.

2 per WAC 173-340-200 (Definitions): "Area background" means the concentrations of hazardous substances that are consistently present in the
environment in the vicinity of a site which are the result of human activities unrelated to releases from that site.
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Offsite Sample Analytical Results and Usability

The 2009 Rl background data are presented in Table 1. As indicated in Table 1, dry-weight total cPAH values
ranged from 0.038 mg/kg (BG-02) to 0.241 mg/kg (BG-03). TOC values ranged from a low of 1.85 percent (BG-03)
to a high of 3.95 percent (BG-13). The results for each sample were normalized to organic carbon by dividing the
dry weight concentration by the percent TOC. Organic carbon normalized (OCN) cPAH values ranged from 1.71
mg/kg-OC (BG-02) to 13.02 mg/kg-OC (BG-03).

The data were validated by a third party per the Final Data Collection Work Plan and determined to be usable.
Another aspect of evaluating usability included mathematical outlier testing, which was conducted to evaluate
whether data were sufficiently elevated to merit further review of being truly representative of background.
Outlier testing was conducted using ProUCL (Dixon’s outlier test), as documented in Attachment H1 of Appendix
H in the RI Report.

For the individual and total cPAH data (dry-weight basis) and TOC, none of the data points were determined to be
outliers. However, several of the individual OCN PAHs and one OCN cPAH value were identified as outliers. All
coincided in sample BG-03, which had several of the highest dry-weight PAH concentrations (none of which are
outliers as dry-weight values) but also had the minimum TOC observed (not an outlier among other TOC values).
The significantly elevated OCN results for BG-03 are therefore the result of coincident maximum (but not
significantly different) PAH concentrations with the minimum TOC observed; hence, the results are an artifact of
calculated ratios. Therefore, because the dry-weight cPAH and TOC values were not statistical outliers, it was
concluded that all dry-weight and OCN data were suitable for determining background statistics, and therefore
none of the 10 samples were excluded.

Derivation of the BTV

For the purpose of the FS, a BTV for the OCN values has been calculated as a 95/95 UTL (upper tolerance limit),
which is a 95% upper confidence limit of the 95th percentile. This equates to having 95% confidence that the UTL
will contain at least 95% of the distribution of observations in “background” or in any distribution similar to
background. While EPA guidance does not explicitly restrict consideration to 95/95 UTLs, several guidance
documents do give them the greatest focus (USEPA, 1992; 2002; 2009).

Using ProUCL algorithms, the recommended data distribution for the offsite dataset is a gamma distribution (see
Attachment 1). When most of the results are detected (all ten results are), ProUCL allows consideration of
parametric (distribution-based) methods for calculating the UTL (as opposed to a non-parametric method) and
these data were found to adhere to a gamma distribution. The Hawkins Wixley approach offers a UTL when the

data suitably adhere to a gamma distribution.3

The 95/95 UTL for cPAH calculated based on the 10 offsite surface sediment samples is 17.5 mg/kg OCN. The
95/95 UTL calculated for bulk sediment cPAH concentrations is 0.321 mg/kg.

Note that Ecology’s Draft Sediment Cleanup Users Manual Il recommends the use of the 90/90 UTL calculated
from a background population to establish the background-based cleanup levels (Ecology, 2013). For purposes of
comparison, these values were also calculated. The 90/90 UTL for cPAH calculated based on the 10 offsite
surface sediment samples is 12.1 mg/kg OCN. The 90/90 UTL calculated for bulk sediment cPAH concentrations
is 0.264 mg/kg.

Selection and Application of the BTV

The PRG of 17.5 mg/kg OCN for cPAHs was selected for use as the BTV to identify offshore areas of the Quendall
site that are addressed in the FS. Delineation of site-impacted sediment using the 95/95 UTL results in a

3 The Hawkins Wixley approach is an approximation in that it is based upon the transformation Y = X4 which is built into USEPA’s ProUCL since this
transformation tends to follow an approximately normal distribution.
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sediment remediation footprint that encompasses footprints based on other the areas of the Site offshore that
exceed other ARARs and PRGs such as the freshwater benthic SMS criteria for total PAHs, and direct contact PRGs
for human health and ecological receptors (including PAH equilibrium benchmark partitioning quotients). The
extent of Site impacts delineated using the 95/95 UTL of 17.5 mg/kg OCN results in an area of approximately 29
acres.

Use of the 90/90 UTL of 12 mg/kg OC to delineate Site impacts would increase the size of the footprint to the
northeast, where concentrations are in the 12 to 16 mg/kg OC range. However, given the distance away from the
primary source of contamination, there is greater uncertainty as to whether these concentrations are related to
contamination from Quendall.
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TABLE 1
Summary of 2009 Quendall RI Offsite Surface Sediment Data

Location Name BG-02 BG-03 BG-04 BG-06 BG-09 BG-12 BG-13 BG-15 BG-17 BG-19
Dry Weight (mg/kg)
Benzo(a)anthracene 0.017 0.13 0.082 0.046 0.037 0.028 0.13 0.066 0.041 0.095
Chrysene 0.033 0.21 0.16 0.097 0.064 0.046 0.23 0.1 0.071 0.12
Benzo(b)fluoranthene 0.037 0.17 0.16 0.11 0.093 0.064 0.24 0.085 0.07 0.099
Benzo(k)fluoranthene 0.03 0.18 0.13 0.079 0.066 0.052 0.15 0.068 0.059 0.097
Benzo(a)pyrene 0.026 0.18 0.12 0.091 0.073 0.054 0.16 0.06 0.05 0.077
Indeno(1,2,3-c,d)pyrene 0.024 0.082 0.058 0.068 0.05 0.049 0.11 0.036 0.025 0.028
Dibenz(a,h)anthracene 0.0063 0.026 0.021 0.025 0.018 0.017 0.041 0.013 0.006 0.0085
Total cPAH TEQ 0.038 0.241 0.167 0.125 0.1 0.075 0.229 0.088 0.071 0.111
TOC (percent) 2.21 1.85 3.23 2.45 2.6 2.67 3.95 3.86 2.76 2.85
Organic Carbon Normalized (mg/kg-OC)

Benzo(a)anthracene 0.77 7.03 2.54 1.88 1.42 1.05 3.29 1.71 1.49 3.33
Chrysene 1.49 11.35 4.95 3.96 2.46 1.72 5.82 2.59 2.57 4.21
Benzo(b)fluoranthene 1.67 9.19 4.95 4.49 3.58 2.4 6.08 2.2 2.54 3.47
Benzo(k)fluoranthene 1.36 9.73 4.02 3.22 2.54 1.95 3.8 1.76 2.14 3.4
Benzo(a)pyrene 1.18 9.73 3.72 3.71 2.81 2.02 4.05 1.55 1.81 2.7
Indeno(1,2,3-c,d)pyrene 1.09 4.43 1.8 2.78 1.92 1.84 2.78 0.93 0.91 0.98
Dibenz(a,h)anthracene 0.29 141 0.65 1.02 0.69 0.64 1.04 0.34 0.22 0.3
Total cPAH TEQ 1.71 13.02 5.16 5.09 3.85 2.83 5.81 2.27 2.57 3.89
Notes:

mg/kg - milligram(s) per kilogram

mg/kg-OC - milligram(s) per kilogram organic carbon (normalized)

OCN - organic carbon normalized

cPAH TEQ - carcinogenic polynuclear aromatic hydrocarbon toxicity equivalency quotient
TOC - total organic carbon
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Quendall cPAH Background ProUCL Output

User Selected Options

From File

Full Precision

Confidence Coefficient
Coverage

Different or Future K Values

Number of Bootstrap Operations

Background

General Background Statistics for Data Sets with Non-Detects

Sheet1.wst
OFF

95%

95%

1

2000

General Statistics

Total Number of Observations 10

Tolerance Factor 2.911

Raw Statistics
Minimum 1709
Maximum 13022
Second Largest 5808
First Quartile 2631
Median 3870
Third Quartile 5144
Mean 4620
Geometric Mean 3912
SD 3250
Coefficient of Variation 0.703
Skewness 2.194

Number of Distinct Observations 10

Log-Transformed Statistics
Minimum 7.443
Maximum 9.474
Second Largest 8.667
First Quartile 7.874
Median 8.261
Third Quartile 8.546
Mean 8.272
SD 0.579

Background Statistics

Normal Distribution Test
Shapiro Wilk Test Statistic 0.758
Shapiro Wilk Critical Value 0.842

Data not Normal at 5% Significance Level

Assuming Normal Distribution
95% UTL with 95% Coverage 14080
95% UPL (t) 10868
90% Percentile (z) 8785
95% Percentile (z) 9965
99% Percentile (z) 12180

Gamma Distribution Test
k star 2.28
Theta Star 2026
MLE of Mean 4620
MLE of Standard Deviation 3059
nu star 45.61

A-D Test Statistic 0.404
5% A-D Critical Value 0.732
K-S Test Statistic 0.172
5% K-S Critical Value 0.268

Data appear Gamma Distributed at 5% Significance Level

Assuming Gamma Distribution
90% Percentile 8715
95% Percentile 10519
99% Percentile 14489

95% WH Approx. Gamma UPL 11160
95% HW Approx. Gamma UPL 11286
95% WH Approx. Gamma UTL with 95% Coverage 16764
95% HW Approx. Gamma UTL with 95% Coverage 17494

Lognormal Distribution Test
Shapiro Wilk Test Statistic 0.955
Shapiro Wilk Critical Value 0.842

Data appear Lognormal at 5% Significance Level

Assuming Lognormal Distribution
95% UTL with 95% Coverage 21078
95% UPL (t) 11898
90% Percentile (z) 8211
95% Percentile (z) 10132
99% Percentile (z) 15029

Data Distribution Test

Data appear Gamma Distributed at 5% Significance Level

Nonparametric Statistics
90% Percentile 6529
95% Percentile 9775
99% Percentile 12372

95% UTL with 95% Coverage 13022

95% Percentile Bootstrap UTL with 95% Coverage 13022
95% BCA Bootstrap UTL with 95% Coverage 13022
95% UPL 13022

95% Chebyshev UPL 19477

Upper Threshold Limit Based upon IQR 8914
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Appendix B1b

Objective: To estimating the reduction in concentration of OC-normalized cPAHSs in the bioturbation layer (upper 4 inches/10 cm) portion of the ENR Layer following placement of 6-inches of sand.
The resulting estimate will be used to establish the shoreward extent of ENR placement (boundary with sand cap).

Assumptions and Inputs

The ENR layer consists of 6 inches of sand placed over existing sediment

The bottom 50% (i.e., 3 inches) of the ENR layer will mix with the pre-existing sediment

The bioturbation depth within the ENR layer is 4 inches (~10 cm)

Relative
Concentration Average Reduction Average
Depth . After Mixing of i Factor of Bioturbation i Reduction Factor
InteFr)vaI Overlying Surface Water ENR Laygr wi?rﬁrqclsﬁgalt_lgcer Concentration Intervals wit(t:wti)nngiagtt;?tt)lgt?on of Concentration
(inches below Relative to After Mixing within ENR [ (inches below ENR| Layer Relative to | within Bioturbation
ENR surface) Existing Relative to Existing Layer surface) Existing Layer
0-1 0% /
1-2 6-inch ENR Layer 0% Bioturbation Layer
2.3 / 0% (4 inches) ’ 12.5% 8
------------------------------------------------- 25.0% 4
3-4 50% \
4-5 50% M Remaining ENR
5-6 50% N/ Layer (2 inches)
6-7
7-8
8-9
9-10

Cs* depthl + CENR * depth2 = Cmix * depth(1+2)

Assume initial Cgyg = 0

Cnix! Cs = % = depth, / depth (1.5

Relative Concentration in ENR Layer (in comparison with existing sediment surface concentrations)
25% Average within 6-inch ENR Layer
12.5% Average within 4-inch bioturbation layer
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B2-1 Introduction

In support of the Quendall Terminals Site (Site) feasibility study (FS), one-dimensional
chemical mass transport modeling was performed to develop a conceptual-level chemical
isolation layer design for an engineered sand cap included in remedial alternatives
evaluated in the FS. The engineered sand cap modeling was performed using analytical
model tools and assumptions following guidance for designing sediment caps developed
by both the U.S. Army Corps of Engineers (USACE; Palermo et al. 1998) and the U.S.
Environmental Protection Agency (EPA 2005).

The one-dimensional chemical mass transport modeling was initially applied to measured
sediment porewater cation profiles at the Site, using validated Site characterization data
presented in the Remedial Investigation (R1) Report (Anchor QEA and Aspect 2012).
The purpose of this initial modeling was to estimate site-specific physical parameters
(e.g., advection and dispersion), and chemical and biological degradation processes for
Site chemicals of concern (COCs).

The simulated site-specific physical, chemical and biological parameters calculated
during the initial modeling were subsequently applied to the cap isolation layer modeling
evaluation. The cap isolation layer modeling evaluation was performed for the shallow
nearshore sediment area at the Site as depicted on Figure 6-1 of the main FS report. The
cap isolation layer modeling evaluation simulates the effectiveness of an engineered sand
cap in reducing long-term flux of COCs into surface sediments and achieving the surface
water/porewater and surface sediment preliminary remediation goals (PRGs) summarized
in Tables 4-6 through 4-7 in the main body of this FS. To provide a conservative
assessment of long-term cap effectiveness consistent with the USACE and EPA
guidance, the model assumed steady-state conditions (i.e., infinite timeframe) and that the
current COC loading to Site sediments remain constant and are representative of expected
loading to the bottom of the engineered sand cap.

B2-1.1 Appendix Organization

This appendix has been organized into the following sections:

e Section B2-2 — Methodology: Presents a description of the one-dimensional
analytical steady-state model used to evaluate site-specific physical, chemical,
and biological processes and subsequently estimate steady-state cation, benzene
and naphthalene profiles within a subaqueous sediment/cap system.

e Section B2-3 — Initial Modeling: Presents the rationale for the selection of
model inputs and the results of the one-dimensional analytical steady-state model
of existing conditions at the site.

e Section B2-4 — Capping Evaluation: Presents the rationale for the selection of
model inputs and the results of the one-dimensional analytical steady-state model
of a conceptual isolation cap installed over the existing sediment surface. This
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section includes a sensitivity analysis of model inputs and their effect on model
results.

e Section B2-5 — References for Appendix B2

B2-2 Methodology

B2-2.1 Model Framework

The one-dimensional chemical mass transport model developed by Dr. Danny Reible
from the University of Texas (as described in Lampert and Reible 2009, and Reible 2012;
herein referred to as the UT model) was used to perform the initial modelling and the cap
isolation layer modeling evaluation. This model was originally developed to simulate
sediment caps, but can also be applied to represent uncapped conditions. Predictions
calculated using the steady-state model provide a useful means of assessing long-term
COC profiles within a subaqueous sediment or cap system, although the time to reach the
steady-state concentrations predicted by the model will vary, depending on the chemical
characteristics of the COCs, sediment geochemical conditions, and subsurface
hydrogeology.

As shown on Figure B2-1, the UT model consists of two layers: a chemical isolation
layer and a bioturbation zone. The UT model conservatively assumes that soil and
groundwater COC concentrations underlying the sediments remain constant over time
(i.e., infinite source); therefore, detailed simulation of transport within the underlying
soils and groundwater is not necessary in this application. COC concentrations in surface
water overlying the sediments are treated as a boundary condition in the UT model (it is
typically assumed to be zero, which is usually appropriate in the case of sorptive
contaminants, but that assumption was refined for this FS analysis in certain cases, as
discussed below). The groundwater transport mechanisms of advection, diffusion,
dispersion, partitioning between the aqueous and sorbed (sediment or cap material)
phases, and first-order reaction (to represent degradation processes) are all incorporated
into the model. In addition, the model incorporates mass transfer processes at the
sediment-water interface, including biological mixing and exchange through the benthic
boundary layer with the overlying water column.

The UT model calculates steady-state porewater and sorbed phase COC concentrations
vertically throughout the cap (or existing sediment when the model is used to represent
current uncapped conditions), including the surficial (bioturbation) zone. As dissolved
COCs move upward through the cap through advection and diffusion, they can undergo
degradation while at the same time partitioning onto the solid phase. Bioturbation mixes
the surface layer, further reducing surface concentrations. The UT model calculates COC
concentrations in the bioturbation zone as a balance between the flux from the underlying
chemical isolation layer, the flux associated with bioturbation processes, and the flux
leaving the benthic boundary layer and entering the overlying water column.

Details on the UT model structure, its underlying theory, and the governing equations,
including the analytical steady-state solution, are provided in Lampert and Reible (2009).
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Additional details on other similar one-dimensional models of sediment caps are
provided in Go et al. (2009) and the USACE/EPA capping technical guidance document
(refer to Appendix B of Palermo et al. 1998).

B2-2.2 Approach

As stated above, The UT model was used to perform initial modelling to calculate site-
specific physical, chemical and biological parameters in addition to the cap isolation
layer modeling evaluation. The cap isolation layer modeling evaluation predicts steady-
state COC concentrations at the surface of a conceptual engineered sand cap. These
results were used to assess preliminary engineered sand cap design options and long-term
cap effectiveness in nearshore areas. The general approach used to perform the initial
modeling and the cap isolation layer modeling is outlined below:

¢ Initial modeling predicting the steady-state concentration of the COCs was
performed using existing Site conditions to calibrate parameters that describe the
various physical processes occurring at the Site (based on observed porewater
cation concentration profiles) and the parameters that describe the various
chemical and biological processes occurring at the Site (based on observed
porewater COC concentration profiles). The details of the approach and results
from this modeling are provided in Section B2-3.3.

e To evaluate the long-term effectiveness of the engineered sand cap, the calibrated
model was configured to represent preliminary cap design and projected changes
in groundwater flux in the sediment areas that would occur following
construction of the remedy. Steady-state sediment porewater COC concentrations
modeled within the upper zone of the cap were then compared to PRGs for the
two most mobile Site COCs—naphthalene and benzene. The details of the
approach and results from this component of the chemical isolation layer
modeling are provided in Section B2-4.3.

In summary the Site data used in the initial model establishes the long-term
contaminant concentrations and the second model evaluates the performance of the
engineered cap in Section B2-4.

B2-3 Initial Modeling

B2-3.1 Approach

The initial model estimates site-specific physical parameters (e.g., advection and
dispersion), and chemical and biological degradation processes for Site chemicals of
concern (COCs). This was accomplished by configuring the model to simulate measured
concentration profiles of cations, which behave largely as non-reactive tracers at the Site.
The configuration using the profiles of the cations were retained in the model and then
used in the model calibration for benzene and naphthalene.
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The model coefficients were specified based on Site-specific data, where available, or
literature values for similar conditions. Since many of the model input parameters were
not readily available for the Site-specific conditions, the best available literature value or
typical modeling value was used but there remains a degree of uncertainty. Some of these
parameters are fairly well established and exhibited little variability or result in minimal
variability of model output (e.g., diffusion coefficients). Other parameters related to
particle dynamics may be significant to organic compounds which sorb to sediments, but
will not appreciably influence dissolved cations.

Once the model input parameters were specified, the model simulations were run for
cations. Model output was compared to the cation porewater data collected from the
nearshore area of the Site (Anchor QEA and Aspect 2012) to see if the model predictions
matched the measured vertical profiles of the porewater cation data. The cation
simulation has the advantage of being able to exclude degradation reactions (and for the
most part partitioning) which impact the COCs, allowing the initial model simulations to
focus on applicability of the physical parameters. During the initial modeling, unknown
or uncertain physical parameters were toggled until the modeled results agreed with
existing conditions to provide best-estimates of these parameters.

After calibrating the physical input parameters, the model was used to simulate porewater
benzene and naphthalene concentrations. Chemical-specific coefficients (diffusivity in
water and organic carbon partition coefficients) were changed to be representative of
benzene and naphthalene, respectively. The UT model was then calibrated to fit the
measured porewater benzene and naphthalene profile data (Anchor QEA and Aspect
2012) by increasing chemical and biological degradation rates for these COCs.

B2-3.2 Model Inputs

Specification of input parameters for the current conditions model was based on Site-
specific data, such as Darcy velocity and porewater benzene and naphthalene
concentration profiles, along with information from the literature and experience with
modeling other similar sites. Similarly, degradation rates for benzene and naphthalene
were determined through calibration of the UT model against measured existing
conditions. Details on the development of the various model input parameters are
provided in the following sections.

B2-3.2.1 Input Parameters Based on Site Data and Literature

B2-3.2.1.1 Thickness of Model Domain

The sediment thickness evaluated in the current conditions modeling was set at 40
centimeters (cm; 1.3 feet) which represents the average depth of the greatest COC
concentrations observed in the samples collected during the RI in the nearshore area from
which cation, benzene, and naphthalene porewater data were collected, as stated in
Section B2-3.1.1.2. The top 8 cm of the modeled thickness was represented as the
bioturbation zone. This thickness is typical of the median depth in estuarine systems
(Thomas et al. 1995).

B2-3.2.1.2 Initial Porewater Concentrations
The UT model works under the assumption that the overlying surface water constituent
concentrations are negligible. While this assumption is appropriate for benzene and

B2-4

DRAFT NOVEMBER 2015



naphthalene (given their volatility and low surface water concentrations), the cation data
exhibit non-zero concentrations in Site surface water (Table B2-1). To allow for
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simulation of the porewater cation concentration profiles in the sediment, the

concentrations measured within the porewater were corrected to be relative to the surface
water concentration (to satisfy the model-assumed zero surface water concentration) and

normalized to the concentration at depth using the following equation:

CN(i) _ CCPW(i) _Céw
PW (max) ~ “~SW
Where:
i index for depth interval
Cn the normalized concentration in mg/L
Crw the concentration in porewater in mg/L
Csw the concentration in the surface water in mg/L
Crw(max) the cation concentration collected from the depth of maximum

concentration (40 cm average) in mg/L
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Table B2-1 — Cation Porewater Concentrations

Depth | Potassium Sodium Calcium Magnesium Average
incm in mg/L in mg/L in mg/L in mg/L Cation
Original Data Concentration
in mg/L
Surface | 491100 | 4.2+-0.06 | 9.0+-009 | 3.4+-0.04
water
0-10 2.2+/-0.41 8.2+/-1.4 21.6+/-3.6 8.2+/-2.2
40 3.1+/-0.32 | 15.7+/-1.3 | 26.4+/-3.5 11.3+/-1.8
Normalized Data (unitless)
0-10 0051gl+é 0.35+/-0.12 | 0.72+/-0.20 0.61+/-0.27 0.57+/-0.19
40 1.00+/-0.14 | 1.00+/-0.12 | 1.00+/-0.20 1.00+/-0.23 1.00+/-0.13
Note:

Porewater concentrations are based on nearshore data; average values +/- standard error are shown.
The cations have been averaged to provide a more representative concentration of the cations for a
mixed model.

The measured Site porewater cation concentration profiles, including the normalized
concentrations used in the UT model, are summarized in Table B2-1. The model input
(boundary condition) was set to the normalized concentration at the 40 cm depth, which
was equal to 1. The normalized concentrations for the 0 to 10 cm depth interval was
averaged across the four individual cations (Table B2-1) were used to calibrate the Site-
specific coefficients.

The measured benzene and naphthalene porewater concentrations in each sampled depth
interval are summarized in Table B2-2. These data are summarized as the average
measured (i.e., not normalized) concentrations at three sampled depths. Table B2-2 was
generated using benzene and naphthalene data from near shore surface grab samples (e.g.
NS-04-SS) for depth of 0-10 cm and data from nearshore vibracore samples for depths 40
cm and 125 cm. Only the vibracore sample locations with available collocated surface
grab sample locations were used in generating Table B2-2. The greatest concentrations
are generally observed at 40 cm depth. The average concentrations from the 40 cm
sampling depth were used to specify the initial porewater concentration used for the
current conditions simulations of these COCs.

Table B2-2 — Benzene and Naphthalene Porewater Concentrations

Depth Benzene Naphthalene

incm in ug/L in pug/L
0-10 0.46+/-0.22 1.19+/-0.49
40 200+/-199.9 106.6+/-105.3
125 134.4+/-123.8 3.4+/-1.4

Notes:

Porewater concentrations are based on nearshore data; average values +/- standard error are shown.
For non detects, half of the reporting limit values was used for averaging.

Samples from the depth range of 8 — 12 inches were used for 40 cm depth.

Samples from the depth ranges of 20 — 24 inches and 36 -40 inches were used for 125 cm depth.

B2-6
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B2-3.2.1.3 Darcy Velocity

The numerical groundwater flow model developed for the Site was used to calculate
Darcy velocities through Site sediments under existing conditions (Table A-8, in
Appendix A). The flow model calculated a Darcy velocity of 176 centimeters per year
(cm/yr) in nearshore areas of the Site, which was used as a base case. These flow
calculations were corroborated with Site-specific measurements of lake bed seepage
(Table 3.1-3; Anchor QEA and Aspect 2012). Due to the suspicion that an
overestimation of Darcy flux may in turn be resulting in an overestimation of COC
degradations rates, the current conditions modeling was also conducted using Darcy
velocities ranging from 66 to 176 cm/yr. The paired seepage and resultant
degradation rates were evaluated as sensitivity cases.

B2-3.2.1.4 Physical Parameters

The selection of various physical parameter values such as boundary layer mass transfer
coefficient (Kyi) , dispersivity (alpha), particle biodiffusion coefficient (Dyic”) and
porewater biodiffusion coefficient (Dyic™™) in the model is outlined below.

The mechanical dispersion of a chemical through the cap is modeled as a Fickian
Diffusion-like process. The dispersion coefficient is related to the product of the
groundwater velocity through the cap and a length scale related to the size of the domain
considered (Neuman 1990) A value of 4 cm was selected for alpha, the dispersivity
coefficient, based on the 40 cm sampling depth, and an estimated 10 percent factor
consistent with values from Neuman (1990) for a domain of approximately 1 meter.

The boundary layer mass transfer coefficient dictates the transport at the cap-water
interface. Boudreau and Jorgensen (2001), Thidodeaux (1996) and Thibodeaux et al.
(2001) present empirical values to estimate this parameter. A common value of 1
centimeter per hour (cm/hr) is frequently used for capping simulations of highly
hydrophobic compounds. However, the literature indicates that the mass transfer
coefficient is a function of a chemical’s hydrophobicity, exhibiting a positive relationship
with the partition coefficient (Thibodeaux et al. 2001); therefore, smaller values would be
expected for benzene and naphthalene. The input value of 0.33 cm/hr used for the model
was selected as a value typical of a compound with partitioning coefficient on the order
of 10° (Thibodaux et al. 2001).

The process of bioturbation serves to increase the effective diffusion/dispersion
coefficient for mass transport. Thomas et al. (1995) and Thibodeaux (1996) provided an
extensive review of measured particle biodiffusion coefficient (Dyic”) and porewater
biodiffusion coefficient (Dwic”") at different locations in the United States. The value of 9
cm?/yr used in the model for Duio®” is the median value observed in estuarine conditions
(Thomas et al. 1995) and consistent with the range of value for marine conditions
presented in Thibedeaux (1996). There is less guidance regarding the value of Dyio” which
was selected to be 100 times Dpio®" as suggested by Lampert and Reible (2009, resulting
in a value of 900 cm?/yr. Again this value is consistent with the range of values for
marine conditions presented in Thibodeaux (1996).
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B2-3.2.2 Partitioning Coefficients
Partitioning of chemicals between the dissolved and sorbed phases is described in the UT
model by the chemical-specific equilibrium partition coefficient (Kq) based on the
customary Ky = foc*Koc approach (e.g., Karickhoff 1984), where Koc is the compound’s
organic carbon partition coefficient and foc is the organic carbon content of the solid
phase material (i.e., sediment). The log Koc value used in the model for simulation of
cations was set to a nominally low value because these species, as tracers, do not readily
associate with the particulate phase. In the model, the octanol-water partition coefficient
(log Kow) is used to estimate log Koc (log Koc = 0.903*log Kow + 0.094). The partition
coefficients (log Kow) used in the current conditions simulations of benzene and
naphthalene were 2.13 and 3.29, respectively.

B2-3.2.3 COC Calibration
Benzene and the naphthalene degradation half-lives in surface and near-surface sediments
at the Site under existing conditions were estimated by increasing the degradation rate
from the base value of zero until the model-predicted concentrations matched the
measured Site COC concentration profiles.

B2-3.2.4 Model Input Summary
A full listing of the model input parameters used for simulation of both cations and COCs
(benzene and naphthalene) is presented in Table B2-3. This table is divided into sections
containing input parameters that are general to each chemical modeled and those that are
chemical-specific.
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Table B2-3 — UT Model Input Parameters Used in Cation, Benzene, and Naphthalene Calibrations Sheet 1 of 2
Model Input Parameters Value Notes

Porosity, e 0.4 Typical value for surface and subsurface sediments.

E:T?turbatmn Layer Thickness, hio in 8 Typical value used in cap modeling for marine environments.
Based on observations of sediment type, the sediment was
specified as consolidated (silt or clay) material (C), which

Cap Material Type C causes the model to calculate the effective molecular diffusion
coefficient as a function of porosity based on the formulation
of Boudreau (1997).

Depositional Velocity, Vdep in crm/yr 05 Average depositional velocity based on radionuclide-dated

cores (Table 4-3 in Anchor Environmental and Aspect 2004).

Darcy Velocity, Vdar (positive is
upwelling) in cm/yr

Base value: 176
Sensitivity Range: 66 - 176

Darcy velocities representative of nearshore conditions.
Values are based on results of the calibrated groundwater
model combined with local variations in material type (Table

A-8, in Appendix A).

Typical value for sediment particles (e.g., Domenico and

. . . 3
Particle Density, pr in g/cm 25 Schwartz 1990).

Biological A‘?“"e Zone fraction organic 8% Average value from top 8 cm of the sediments at the Site.
carbon, (foc)bio

Fraction organic carbon, (foc)et 4% Average values from sediment depths between 10 and 100

cm at the Site.

Dispersivity, a in cm

Base value: 4

Values were determined through calibration to cation data
(10% of modeled depth).

Boundary Layer Mass Transfer
Coefficient, Kbl in cm/hr

Base value:0.33

Values were determined through calibration to cation data.
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Table B2-3 — UT Model Input Parameters Used in Cation, Benzene, and Naphthalene Calibrations Sheet 2 of 2
Model Input Parameters Value Notes
Porewater Biodiffusion Coefficient, P_arameter represents bioturbation rate apphe_d to
Dbiopuw i CM2/yT 900 d|ssol\{ed phage. Typical value used for capping design
P of marine environments based on Thibodeaux (1996).

Particle Biodiffusion Coefficient, Dyiop Par:?\meter represents _bloturbatlon rate appheq to _

in cm2/yr 9 particulate phase. Typ_|ca_l val_ue used f_o_r capping design
as 1% of Porewater Biodiffusion Coefficient.

Modeled depth in cm 20 Based on average depth of greatest porewater
concentrations observed.

Chemical-Specific Parameters Cations | Naphthalene Benzene Notes

Initial model results are simulated in normalized space
relative to the surface water concentration; therefore,

Contaminant Initial Porewater the initial Co value was set to 1 (see Section B2-3.2).

. ) 1 106 200

Concentration, Co in pg/L Porewater values for naphthalene and benzene are
nearshore averages reported for deeper subsurface
sediments (40 cm).

IOrgamc Carbon Partition Coefficient, -1 3.29 2.13 Typical values from literature.

0g Kow

Colloidal Organic Carbon Partition Partitioning to dissolved organic carbon (DOC) was not

o . NA NA NA : o . :

Coefficient, log Kooc in log L/kg considered as it is generally not important for cations or

Colloidal Organic Carbon the relatively less sorptive contaminants (i.e.,

Concentration, rooc in mg/L NA NA NA naphthalene and benzene) evaluated in the model.
Cation values estimated using correlation identified from

Water Diffusivity, Dw in cm2/sec 2 BE-05 4.7E-06 6.0E-06 Schwarzenbach et al. (1993), relating diffusivity to a

compound’s molecular weight. Benzene and
naphthalene values from Lyman et al. (1990).

Undifferentiated chemical and
biological degradation half-life, Az in
days

Base value: 7
Sensitivity
range: 7 - 28

Base value: 5

Cation half-life set to 0 to represent no degradation.
Values for benzene and naphthalene determined
through calibration.

Note: NA = not applicable
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B2-3.3 Results of Initial Modeling

The model-predicted cation concentration is in general agreement with the average
measured cation depth profile (Figure B2-2). The model results generally reproduce the
pattern of decreasing cation concentration as the porewater nears the surface, but slightly
underestimates the cation concentration in the 0 to 10 cm depth. The target normalized
cation concentration for the 40 cm depth is 1.00 +/- 0.13, as referenced in Table B2-1,
agreeing with the model results predict an average concentration of 1.00. The target
normalized cation concentration for the 0 to 10 cm depth is 0.57 +/- 0.15, as referenced is
Table B2-1, while the model results predict an average concentration of 0.42; this would
indicate that the effect of physical processes related to dispersive mixing (including
bioturbation) and exchange with the surface water have been overestimated. Reducing
some of the mixing related coefficients can produce a better match, for example reducing
the porewater biodiffusion coefficient to a range more appropriate for a less dynamic
setting, such as a freshwater lake (approximately 100 cm?/yr), produces an average
concentration of 0.58; however, using physical mixing parameter values that overestimate
the reduction of cation concentration in the sediment column will allow for conservative
values of the degradation rates to be generated in the subsequent benzene and
naphthalene calibration.

The best-estimate values for surface exchange coefficient, dispersivity, and biodiffusion
were retained in the initial model simulation using cations and then used in the model
calibration for benzene and naphthalene. For the naphthalene calibration a range of
groundwater seepage velocities were used, in addition to the base value of 176 cm/yr for
nearshore areas. To reproduce the measured porewater benzene and naphthalene
concentration profiles, use of non-zero degradation rates in the model was required; this
was achieved by using the previous values for dispersive mixing and surface exchange
from the initial model simulation using cations, modifying fixed chemical-specific
coefficients and adjusting the degradation rates for benzene and naphthalene to calibrate.

Degradation rates for benzene and naphthalene estimated through the calibration process
are represented by half-life values of 5 days and 7 days (range of 7 to 36 days for
sensitivity cases), respectively. As shown on Figure B2-3, the modeled concentration
profiles of naphthalene generally fit the measured values, although porewater
concentration are slightly overestimated (a target of 1.19 pg/L in the 0 to 10 cm layer,
and model prediction of 1.89 ug/L). Recognizing that these values are on the low-end
(higher degradation rate) of literature-based (Chung and King, 1991 and Heitkamp, et.
al., 1987) values for half-lives (but are not out of the range of what has been observed),
the decision was made not to further decrease the half-lives to force a better fit. Due to
suspicion that possible overestimation of the groundwater seepage lead to overestimation
of degradation rates, a range of calibrated degradation rates corresponding to a range of
input groundwater seepage (range 66 to 176 cm/yr) were computed (shown in Figure
B2.4). All the seepage rate/degradation rate combinations resulted in an average
porewater naphthalene concentration in the 0 to 10 cm layer of approximately 1.9 pg/L.

Even with a slight overestimation of the physical mixing related reduction in
concentration, as noted in the cation simulation, without degradation, the benzene and
naphthalene models would substantially over-predict (by a factor of 20) the benzene and
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naphthalene concentrations measured in the porewater near the sediment surface. The
difference in the magnitude of cation (approximately a 50 percent reduction) and COC
concentrations (approximately a 99 percent reduction) decline as they approach the
surface provides strong evidence that reduction in contaminant concentration is much
more than simple mixing and dilution with surface water, and that contaminant
degradation must be occurring in the sediment.

B2-4 Capping Evaluation

B2-4.1 Model Application Approach

Following the calibration process described in Section B2-3, the UT model was used to
assess the performance of the chemical isolation component of the engineered sand cap
included in the remedial alternatives (Figure 6-1 of main FS report), taking into account
the conditions expected in this area (i.e., cap thicknesses and groundwater seepage
velocities). Long-term cap performance was assessed by its ability to meet the following
PRGs developed for the Site:

e 1.1 pg/L naphthalene, based on the conservative ecological screening value
developed by EPA Regions 3 and 5. As discussed in Sections 4.3.4 and 7 of the
main FS text, the polycyclic aromatic hydrocarbon (PAH) equilibrium screening-
level benchmark quotient (ESBQ) applied per EPA guidance, builds on the
results of the baseline risk assessment and provides a more accurate
determination of the protectiveness of alternative sediment cleanup actions.

e 22 ug/L benzene, based on the National Water Quality Criteria for human health
(water + organisms).

These model evaluations accounted for the effects of upland hydraulic controls and
constructed caps under the wide range of remedial alternatives evaluated in this FS. To
simplify the assessment, the model input parameters were selected by using conservative
values to represent the range of FS alternatives.

B2-4.2 Model Setup and Inputs

B2-4.2.1 Model Domain and Layers

The preliminary engineered sand cap design evaluated for the nearshore sediment area
consists of a bioturbation layer (8 cm) over a chemical isolation layer (approximately
1.25 feet sand), which would be placed over native sediment. An erosion protection layer
would be required in the nearshore and bank sediment areas. Any added benefit provided
by the erosion protection layer in reducing COC migration from the cap is not included in
this evaluation. Only the bioturbation and chemical isolation layers were modeled for this
FS. Therefore, the cap profile simulated in the model for the nearshore area of the Site
consists of a total 1.5-feet (45.7 cm.) sand layer.

B2-12
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B2-4.2.2 Model Input Parameters
Most of the input parameters used for the capping simulations were the same as those
developed from the current conditions modeling, as described in Section B2-3.2 and
listed on Table B2-3. The only inputs that differed were the initial porewater
concentration (boundary condition) at the base of the cap, and those necessary to simulate
the remedial alternatives, which included the thickness and properties of the cap and the
groundwater seepage velocity achieved following upland hydraulic controls. These inputs
are described in detail in the sections that follow.

B2-4.2.2.1 Initial Porewater Concentrations

The measured surface sediment (0 to 10 cm) porewater concentrations from Table B2.2
were used for model inputs representing the porewater concentration entering the bottom
boundary of the cap. The values are 0.46 pg/L for benzene and 1.19 ug/L for
naphthalene.

B2-4.2.2.2 Darcy Velocity

As discussed previously, results from the groundwater flow model were used to calculate
the average Darcy velocities in the nearshore and offshore areas (Table A-8, in Appendix
A). The magnitude of the estimated Darcy velocities was dependent on the distance from
shore and the remedial alternative selected for the modeling evaluation. In the nearshore
area, the average predicted Darcy velocity is 147 cm/yr when upland caps are
considered?.

B2-4.2.2.3 Type of Material

Sand is used for cap material; therefore, for the cap material type in the model “G”,
indicating granular, was used. Even though the model was calibrated on native sediments
composed of silts and clay, the model can be readily used to simulate granular cap
material performance since the only term in the model that is affected by the material
type is the effective diffusion coefficient. As observed by the differences between cation
calibration and COC (benzene and naphthalene) calibration, for COCs the bigger driver
for contaminant reduction is not diffusion but degradation. All the other parameters are
same as calibrated values.

B2-4.2.2.4 Model Input Summary

The complete set of input values used in the capping evaluations, including those
described above, is provided in Table B2-4. The inputs are divided into the following two
categories based on the processes they characterize:

o Cap properties, which include physical properties of the evaluated capping
material; and

o Chemical-specific properties.

! Predicted Darcy discharge velocities for the groundwater model runs representative of an upland
capping alternative were used in offshore and nearshore sediment cap modeling; therefore, additional
flux reductions provided by funnel and gate system hydraulic controls were not included in the model.
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Table B2-4 — Cap Modeling Input Parameters Used in the Capping Evaluation

Model Input Parameters Value Notes
Porosity, e 0.4 Porosity of coarse sand (0.4).
Based on anticipated cap material type, this input was
specified as “Granular material (G)”, which causes the
Cap Materials - Granular (G) G model to calculate the effective molecular diffusion

coefficient as a function of porosity based on the
formulation of Millington and Quirk (1961).

Darcy Velocity, Vdar (positive is
upwelling) in cm/yr

Nearshore: 147.1

Average groundwater seepage velocities representative
of simulated conditions for each area and alternative
based on the Site groundwater flow model (Table A-8, in
Appendix A).

Typical value for sand particles (e.g., Domenico and

. . . 3
Particle Density, pp in g/cm 2.5 Schwartz 1990).
Biological Active Zone fraction Py Average value from top 10 cm of the sediments at the
organic carbon, (foc)bio ° Site.
Fraction organic carbon, (foc)es 0.1% Nominal value for sand cap.
Percent value determined through calibration to average
Dispersivity, ain cm 4.57 near-shore cation concentrations (10% of model domain
length).
Cap thickness in cm 45.7 Sand cap thickness
Chemical-Specific Parameters Naphthalene Benzene Notes
Contaminant Initial Porewater . Porewater concentrations represent average values from
. . Nearshore: 1.19 0.46 L .
Concentration, Co in pg/L top 10 cm of existing sediment.
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Results of Cap Modeling Evaluation
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The results of the cap chemical transport modeling indicate that the cap evaluated for the
nearshore area of the Site, as described previously in Section B2-4.2.1 (i.e., 1.5 feet of
sand), is predicted to achieve the PRGs at steady-state. This is not surprising given that
the current average porewater concentration in the sampled 0 to 10 cm layer is already
near or below the respective PRGs for naphthalene and benzene. The model simulated
concentration profile of naphthalene in the cap is presented in Figure B2-5. The model
computed concentrations in the upper-portion of the cap (expressed as the concentration
of porewater entering the bottom of the bioturbation layer [8 cm] and the vertical
averages over the top 10 cm [representing the sampled depth]) were compared to current
surface concentrations and PRGs in Table B2-5, and are summarized below.

In the nearshore area, benzene and naphthalene concentrations in the top 10 cm of the cap
are predicted to be nearly 100 times less than the current porewater concentrations in the
surface sediment. The average porewater concentrations at the base of the bioturbation
layer (8 cm depth) are predicted to be for naphthalene more than 50 times less and for
benzene more than 100 times less than the current porewater concentrations in the surface
sediment. For both depths, the predicted concentrations are well below the PRGs, by

factors of an order of magnitude or more.

Table B2-5 — Model-Predicted Vertical Average Concentrations for Cap Evaluation

Current Model-Predicted
PRG Surface (0-10 | Average Concentration
Modeled Area Chemical in cm) Porewater in ug /L
1 .
Mg/L Corilrc]e:g;[r/al_tlon at 8cm 0-10cm
Nearshore Naphthalene 11 1.19 0.017 0.012
(1.5-foot sand cap) Benzene 22 0.46 0.0032 0.0026

Note:

1 PRG for naphthalene is based on ecological risk criteria. PRG for benzene is based on a human

health standard.

Sensitivity Analyses

B2-4.4

Several of the model input parameters have uncertainty/variability associated with them,
such as initial COC concentrations, groundwater seepage velocity, degradation rate, and
the physical attenuation parameters that were calibrated (i.e., dispersion and Kbl).

The porewater concentrations computed at various depths are linearly a function of the
initial concentration specified; doubling the initial concentration doubles the computed
concentration at all depths. Given the reduction in relative porewater concentration
determined by the model, initial porewater concentrations at the sediment/cap interface
could be 106 pg/L for naphthalene and 3,900 pg/L for benzene, and the concentrations in
the 0 to 10 cm layer would still meet the respective PRG.

Given the very low initial concentration of benzene in porewater compared to the PRG,
only naphthalene was used in the sensitivity analyses. The model input parameter sets
used in these sensitivity analyses and the results of the sensitivity analyses are listed in

Table B2-6.
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Table B2-6 — Sensitivity Analyses Input Parameters and Results

Naphthalene Concentration (ug/L)

avg.0-10cm at8cm
Base Model 0.0124 0.0171
Seepage Velocity
147 cm/yr (base) 0.0124 0.0171
100 cm/yr 0.0036 0.0048
200 cm/yr 0.0288 0.0397
300 cm/yr 0.0707 0.0981
Boundary Layer Mass Transfer Coefficient, Kbl
0.33 cm/hr (base) 0.0124 0.0171
0.2 cm/hr 0.0131 0.0176
0.5 cm/hr 0.0119 0.0169
1 cm/hr 0.0114 0.0164
Dispersivity, a
4.57 cm (base; 10%) 0.0124 0.0171
2.28 cm (5%) 0.0071 0.0093
6.85 cm (15%) 0.0169 0.0252
9.14 cm (20%) 0.0236 0.0336
Degradation Half-life
7 days (base) 0.0124 0.0171
14 days 0.0514 0.0709
21 days 0.0888 0.1223
28 days 0.1197 0.1649
Cap Thickness
45.7 cm (base; 1.5 ft) 0.0124 0.0171
40 cm 0.0193 0.0257
30cm 0.0445 0.0600
Bioturbation depth
8 cm (base) 0.0124 0.0171
4cm 0.0155 0.0267
12cm 0.0131 0.0195
Porosity
40% (base) 0.0124 0.0171
30% 0.0233 0.0319
50% 0.0071 0.0098
Porewater Biodiffusion (and particle biodiff *100)
900 cm”2/yr (base) 0.0124 0.0171
100 cm”2/yr 0.0183 0.0271
300 cm”2/yr 0.0162 0.0236
1,800 cm”"2/yr 0.0100 0.0129
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Compared to current surface naphthalene porewater concentrations, the model results for
sensitivity cases are still at least 10 times lower in all instances. Similarly, compared to
the PRGs, the results from the sensitivity simulations based on alternate parameter sets
are generally 10 times lower than the PRGs.

Most of the parameters used in the sensitivity analysis exhibited relative low influence,
especially the results in comparison to the PRG. This may be due to the concentration
reductions observed being more a factor of degradation rather than sorption reactions
with the cap material. The three input parameters which exhibited the most influence
were the cap thickness, the seepage velocity, and the degradation half-life. These
parameters are related in that they determine how many half-lives the COCs will remain
within the cap. The cap thickness and seepage velocity are fundamental in the
determination of the residence time of the chemical within the cap, while the degradation
half-life determines the rate at which the chemical breaks down.

As noted earlier in the COC calibration, there is an interdependency of groundwater
seepage flux with degradation. In the calibration, as one increases the other follows.
Various combinations of groundwater seepage and degradation yielding acceptable
calibrations were developed and these were then used in capping scenarios. When
considered together the individual effects of groundwater seepage velocity and
degradation rates are significantly reduced, indicating that these two parameters each may
have uncertainty, and calibrating them together to a Site-specific concentration profile
reduces the overall modeling generated variability (Table B2-7).

Table B2-7 — Sensitivity for Paired Calibration of Seepage Velocity and Degradation

Rate
Napthphalene
_ Concentration (ug/L)
Degradation

Darcy Velocity Half-Live 0-10 cm
(cmlyr) (days) at8cm average

55 36 0.038 0.03

73 21 0.027 0.021

92 14 0.024 0.017

110 10.5 0.02 0.015

125 8.8 0.019 0.014

147 7 0.017 0.012
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Figure B2-1

Schematic of Model Configuration and Processes
Quendall Terminals Feasibility Study Report
Renton, Washington
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B3-1 Introduction

This appendix summarizes the engineering evaluations conducted to develop a
preliminary armor layer design that would promote long-term stability of a sediment
isolation cap constructed at the Quendall Terminals Site (Site). The armor layer is
intended to protect the chemical isolation layer and underlying contaminated sediments
from erosional processes such as waves and propeller wash.

B3-2 Methodology

Screening-level analyses were performed to determine the required particle size and
thickness for the sediment cap armor layer to resist erosive forces. Long-term wind data
from a nearby wind gage was used to estimate various storm event return periods for the
area from a variety of wind directions. These extreme wind speeds, fetch lengths, and
average depths were then used to estimate the wave action that will influence the Site.
Vessel-induced waves and propeller-wash forces were also evaluated. Predicted wave
heights were used to estimate stable rock sizes for the potential cap areas as a function of
water depth.

Engineering evaluations were conducted in accordance with guidance developed by the
U.S. Army Corps of Engineers (USACE). In addition, the U.S. Environmental Protection
Agency’s (EPA) Contaminated Sediment Remediation Guidance for Hazardous Waste
Sites (EPA 2005) states that, ““[t]he design of the erosion protection features of an in-situ
cap (i.e., armor layers) should be based on the magnitude and probability of occurrence
of relatively extreme erosive forces estimated at the capping site. Generally, in-situ caps
should be designed to withstand forces with a probability of 0.01 per year, for example,
the 100-year storm.”

B3-3 Analysis of Wave Action and Propeller Wash

B3-3.1 Water Levels

The elevation of Lake Washington is controlled by the Lake Washington Ship Canal,
which connects Lake Washington to Lake Union and Puget Sound. As a result, ordinary
low and ordinary high water lake elevations are 16.67 and 18.67 feet NAVD88,
respectively, for this portion of Lake Washington.

B3-3.2 Evaluation of Wind-Induced Waves

The wave conditions near the Site were estimated by applying wind wave growth
formulas to wind data from Sea-Tac International Airport (Sea-Tac) in Seattle,
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Washington (NOAA, WBAN #24233). Data were obtained through the National Climatic
Data Center (http://www.ncdc.noaa.gov/oa/ncdc.html) for the time period of interest. The
wind data encompassed hourly wind speeds (2-minute averages) between the years of
1990 and 2011. Figure B3-1 illustrates a wind rose (frequency of occurrence based on
wind speed and wind direction) for the wind data over the period of record. The wind
data were used to predict extreme wind speed values for 2-, 10-, 20-, 50-, and 100-year
return period storm events. The extreme wind speeds were evaluated for 10-degree and
30-degree wind direction bins from true north (e.g., 0 to 10 degrees, 211 to 240 degrees,
etc.) that impact the area. The Raleigh distribution was used to develop the extreme wind
speeds with R? values equal to or greater than 0.87 for all direction bins.

Fetch lengths were measured for each wind directional zone that has the potential for
wind waves to develop and impact the shoreline. Fetch measurements were completed
based on methodology outlined in the CEM (USACE 2002). These fetch lengths and
associated directions are summarized in Table B3-1.

Sea-Tac, Jan 1990-Sept 2011
Wind Speed Distribution

WEST EAST

Wind Speed in mph
I - 10
[ 20-25
[ ]15-20
Bl 0-15

T SOUTH...cr™ s w

Figure B3-1 — Sea-Tac Wind Speed Distribution (January 1990—September 2011)
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Predicted values of wind speed for a range of return periods were used as input into the
Automated Coastal Engineering System (ACES) using the Windspeed Adjustment and
Wave Growth module (fetch limited) to predict significant wave heights and peak wave
periods generated by the extreme winds (USACE 1992). Results of the wave growth
analysis are shown in Table B3-2. The highest winds and waves are from the southwest
(as shown on Figure B3-1 and in Table B3-1). During a 100-year storm from the
southwest, waves are estimated to be 3.5 feet high. Waves from the north (331 to 10
degrees) are also high based on high winds and long fetches. During a 100-year storm
from 331 to 360 degrees waves heights are estimated to be 2 feet and from 0 to 10
degrees they are expected to be approximately 1.7 feet.

Table B3-1 — Wind Speeds and Fetch

Fetch | Water | wind Speed as a Function of Return Period in mph
Length | Depth
Wind Direction in in
Zone Miles Feet! | 2-year 10-year | 20-year | 50-year | 100-year
0 to 10 deg 3.1 60 25 29 31 32 34
11 to 20 deg 11 70 25 29 31 33 35
21 to 30 deg 0.7 50 23 28 30 32 33
211 to 240 deg 2.3 90 37 48 52 58 60
241 to 270 deg 0.8 60 25 32 35 38 40
271 to 300 deg 0.5 70 17 22 24 25 27
301 to 330 deg 0.5 60 20 30 32 36 38
331 to 360 deg 15 60 28 37 40 44 46

Notes:

1. Average water depth at location where wave is generated (i.e., over the fetch length).
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Table B3-2 — Predicted Wave Height and Period

Return Period
2-year 10-year 20-year 50-year 100-year
Wave Wave Wave Wave Wave Wave Wave Wave Wave Wave
Wind Direction | Height | Period in | Height | Period in | Height | Periodin | Height | Period in | Height | Period in
Zone in Feet | Seconds | in Feet | Seconds [ in Feet | Seconds | in Feet | Seconds | in Feet | Seconds
0to 10 deg 1.1 2.0 1.3 2.2 1.4 2.3 15 2.3 1.6 24
11 to 20 deg 0.6 15 0.8 1.6 0.8 1.7 0.9 1.8 1.0 1.8
21 to 30 deg 0.4 1.3 0.6 1.4 0.6 1.5 0.7 1.5 0.7 1.6
211 to 240 deg 1.8 2.5 24 2.9 2.7 3.0 3.3 3.3 35 34
241 to 270 deg 0.6 1.5 0.9 1.7 1.0 1.8 1.1 1.9 1.2 2.0
271 to 300 deg 0.3 1.1 0.4 1.2 0.5 1.3 0.5 1.3 0.5 1.4
301 to 330 deg 0.4 1.2 0.6 1.5 0.7 1.5 0.8 1.6 0.9 1.7
331 to 360 deg 1.0 1.9 1.5 2.2 1.6 2. 1.8 2.5 2.0 25
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B3-3.3 Evaluation of Vessel-Induced Waves

A systematic vessel study has not been completed for this evaluation. However, based on Site
knowledge it is anticipated that the project aquatic and shoreline areas will be impacted by wakes
from passing recreational boats operating offshore in Lake Washington adjacent to the Site.

Design wave heights resulting from wind waves (Section B3-3.2) are expected to be higher than
wakes for the Site. To verify this assumption, wake heights were calculated for a representative high
performance recreational boat for various vessel speeds at various distances from the project
shoreline. Characteristics of this representative vessel are summarized below:

Type of Vessel: Baja Outlaw 23
Propeller Shaft Depth: 2.75 feet
Number of Engines: 1

Engine Horsepower: 375
Propeller Dimensions: 17 inches

This vessel represents a reasonable worst case scenario within Lake Washington for both wake and
propeller-wash velocities at the Site, and has been used for similar evaluations at other sites (Parsons
and Anchor QEA 2012). If capping is selected as a final remedy at the Site, a more robust vessel
survey would be conducted for the project area during remedial design to refine this evaluation in the
design phase for this project.

Wake heights were calculated using an analytical method developed by Bhowmik et al. (1991). This
method is based on empirical data from 12 different recreational type vessels and is applicable for
recreational vessels operating at a speed of between 8 and 45 miles per hour (Bhowmik et al. 1991,
Parsons and Anchor QEA 2012). Wake heights were estimated for the representative design vessel
over a range of operating speeds and offshore passing distances. Computed wake heights ranged
from 0.5 foot to a maximum of 2.2 feet (for a vessel passing 10 feet offshore of the Site). As
anticipated, these wake heights are less than the maximum wave height estimated for wind-induced
waves (Table B3-2). Therefore, the wind-induced waves were used in the analysis.

B3-3.4 Evaluation of Propeller-Wash Velocities

Proposed caps in deeper water away from the shoreline (water depths greater than 5 feet) may be
subject to propeller-induced velocities that will be greater than those created by wind- and vessel-
induced waves. Therefore, propeller-wash velocities in these capping areas may be the dominant
factor in sizing stable cap material.

To estimate the bed velocity resulting from propeller wash, the Blaauw and van de Kaa (1978)
method was used with the characteristics of the design vessel (described in Section B3-3.3).

Vy(max) = G U,D,/H,
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Where:

The jet velocity exiting a propeller is given by Blaauw and van de Kaa (1978) as

1/3
P
U = cﬂ( ‘i)
D;

e

Vp(max) =
Ci =

Where:

Propeller-wash velocities at the bed for various water depths associated with the proposed capping
areas were calculated using the equations above and are summarized in Table B3-3.

Uo =
P4 =
Dp =
C =
C =

Table B3-3 — Maximum Predicted Bed Velocities from Propeller Wash for Various Water Depths

maximum bottom velocity in ft/sec
0.22 for non-ducted propeller
0.30 for ducted propeller

jet velocity exiting propeller in ft/sec
propeller diameter in feet

distance from propeller shaft to channel bottom in feet

o &

jet velocity exiting propeller in ft/sec
applied engine power/propeller in Hp
propeller diameter in ft

9.72 for non-ducted propellers

0.68 for ducted propellers

Applied Engine Power from Design Vessel (Section B3-2.2)
Water Depth
based on Low 85% 75% 50% 25%
Lake Level in
Feet Maximum Predicted Bed Velocity in ft/sec
55 4.1 3.9 34 2.7
14.5 11 11 1.0 0.8
16.5 1.0 0.9 0.8 0.7
21.5 0.7 0.7 0.6 0.5
25.5 0.6 0.6 0.5 0.4
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B3-4 Armor Size Evaluation

B3-4.1 Cap Armor Size — Breaking-Wave Zone

The ACES Rubble Mound Revetment Design module was used to estimate revetment armor and
bedding layer stone sizes, thicknesses, and gradation characteristics required; as well as runup
estimates (USACE 1992). Table B3-4 provides the median (Dso) rock size that would be stable
(limited to no damage) for the given waves in Table B3-2 for a slope of 10H:1V. Table B3-4 also
provides the vertical runup height. The vertical runup represents the expected maximum runup using
the Ahrens and Heimbaugh method (USACE 1992). The worst case is from direction 211 to 240
degrees with a 5.3-inch armor stone required for caps located within the breaking-wave zone defined
in the next section.

Table B3-4 —Stable Armor Rock Size and Runup for a 10H:1V Slope
within the Breaking-Wave Zone

Wind Direction Armor Size Dsg Runup Distance in
Zone in Inches Feet
0to 10 deg 2.5 0.8
11 to 20 deg 1.6 0.5
21 to 30 deg 1.2 0.4
211 to 240 deg 5.3 1.6
241 to 270 deg 1.8 0.6
271 to 300 deg 0.8 0.3
301 to 330 deg 1.3 0.4
331 to 360 deg 3.0 0.9

B3-4.2 Cap Armor Extent — Breaking-Wave Zone

The cap armor along the shoreline should extend up slope to the vertical extent of wave runup based
on the water level elevation at high water and down slope to a depth that is no longer impacted by the
breaking waves at low water (i.e., the breaking-wave zone). The highest runup elevation is estimated
by adding the runup height (shown in Table B3-4) to the elevation of ordinary high water at the Site
(18.7 feet NAVD88). The lower bound of the armor is estimated by multiplying the significant wave
height by 1.5 and subtracting that number for the low water elevation (approximately 16.7 feet
NAVD88) (USACE 2002). The upper bound of the intertidal cap armor should be 19.3 feet NAVD88
and the lower bound of the armor should be 11 feet NAVD88 (16.7 feet low water minus 1.5 times
the largest wave of 3.52 feet). This would correspond to a water depth of approximately 5.5 feet
(based on the low water level).

B3-4.3 Cap Armor Size — Non-Breaking-Wave Zone

Armor stone blanket stability design (USACE 2002) was used to estimate the Dsp required for the
areas below the influence of breaking waves (i.e., approximately elevation 11 feet NAVD88).
Gradation was calculated using HQUSACE 1994 method described in the Coastal Engineering
Manual (USACE 2002). The proposed armor size is based on the worst case 100-year return period
wind direction, which is 211 to 240 degrees (significant wave height is 3.5 feet).
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Below the breaking-wave zone (11 feet NAVD88; approximately 5-foot water depth based on low
water level) down to an elevation of approximately 1 foot NAVD88 (approximately 15-foot water
depth based on low water level), the stable rock size is 0.6 inch. At elevations below 1 foot
NAVDS88, stable rock sizes are reduced to 0.06 inch (sand).

B3-4.4 Cap Armor Size — Propeller-Wash Zone

Methods presented in the USEPA guidance (Maynord 1998) to evaluate stable sediment size for
propeller-wash velocities at the bed (Blaauw and van de Kaa 1978) are based on large ocean-going
vessels operating at very slow speeds. Therefore, these methods are not applicable for use with
smaller, fast-moving recreational vessels. A more robust analysis to evaluate stable sediment sizes
for propeller wash from recreational vessels was conducted to inform capping design for the Fox
River (Shaw and Anchor 2007) and Onondaga Lake (Parsons and Anchor QEA 2012) projects.
Results from these previous studies were used to estimate stable sediment sizes for the range of bed
velocities induced by propeller wash summarized in Table B3-3. Based on characteristics of the
design vessel (Section B3-3.3), stable particle sizes for a range of water depths and applied
horsepower is summarized in Table B3-5.

Table B3-5 — Stable Sediment Size below the Breaking-Wave Zone for Propeller-Wash Velocities

Applied
Water Depth in Feet Horsepower Median Particle Size (Dso) in
(based on low water level) in Percent Inches / Sediment Type
<6 25 0.2 / coarse sand
50 0.3/ fine gravel
75 0.4/ fine gravel
100 0.5/ fine gravel
210 25 0.01 / fine sand
50 0.01 / fine sand
75 0.01/fine sand
100 0.02 / medium sand

B3-5 Conclusions

The proposed capping areas extend from relatively deep water (> 15 feet) to shoreline areas at the
Site. These areas are impacted by both wind- and vessel-induced waves and propeller-wash forces.
The process that dominated the stable armor/sediment size evaluation is dependent on water depth
(i.e., a Dso value from the breaking-wave evaluation will influence the stable particle size to a greater
degree than propeller-wash forces in shallow water and vice versa in deeper water). Table B3-6
summarizes the recommended median (Dso) stable armor/sediment sizes at each water depth based
on the above evaluations.
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Table B3-6 — Recommended Armor Dsp Values as Function of Water Depth
(based on low water level of 16.7 feet NAVD88)

Water Depth in Feet Armor Size Dsg in
(based on low water level) Inches Dominant Process
Breaking Waves
<5 6.0
(Sections B3-3.1 and B3-3.2)
Non-Breaking Waves
<5and 215 0.6

(Section B3-3.3)

Propeller Wash — 75% applied
215 0.01 power

(Section B3-3.4)
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Introduction

This appendix presents a preliminary feasibility-level evaluation of geotechnical
considerations in conjunction with remedial alternatives for the Quendall Terminals Site
(Site) that include subaqueous capping. These alternatives are discussed in Section 6 of
the main text. This appendix provides discussions in regards to cap settlement, bearing
capacity during cap construction, and seismic considerations. Conclusions regarding the
overall feasibility of subaqueous capping at the Site, and design and construction
considerations are provided at the end of this appendix.

B4-2

Subsurface Conditions

Subsurface conditions used for this analysis were based in part on a review of existing
geotechnical engineering reports for the Site (Aspect 2009). Geotechnical borings logs
and sediment core logs collected as part of the Remedial Investigation (RI) (Anchor QEA
and Aspect 2012), as well as laboratory data, and historical geotechnical borings by
others (Twelker and Associates 1973, Shannon and Wilson 1997) were also used in
assessing subsurface conditions and properties. Figures 3-4, 4-2, 4-3, 4-4, and 4-5 of the
main text show cross-sections of soil and sediment lithology. The following major
geologic units were encountered at the Site, from the ground surface, or mudline,
downward:

Soft Sediments. The uppermost geologic unit consists of soft, dark brown, highly
plastic sediments with varying proportions of clay, silt, and peat. Explorations
indicate that this layer is 5 to 15 feet thick. Blow counts in this layer were
generally 0 to 2 blows per foot. For cap-induced settlement evaluations, the
majority of the settlement is expected to occur in this layer.

Shallow Alluvium. This layer is characterized as a loose to medium dense sand
with interbedded clay and silt, and has been interpreted to be a Shallow Alluvium
layer. The thickness of the Shallow Alluvium appears to be greatest toward shore,
approximately 10 to 20 feet, and thins offshore to approximately 5 feet thick. The
Shallow alluvium is typically loose to medium dense with density increasing with
depth. Significant amounts of organic sediments were generally not observed in
this layer, but layers of silt encountered in this layer would be compressible in the
event of cap placement.

Deeper Alluvium. The Deeper Alluvium consists of medium dense to dense,
coarse sand and gravel. For the purposes of cap stability, this layer is generally
below the depth of interest. For cap-induced settlement evaluations, this layer is
generally assumed to be incompressible.

Based on visual observations of the nearshore surface sediment, there is some coarse-
grained material (silty sand) present along the shoreline. Although some of the
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explorations indicate relatively thick sand deposits in some of the nearshore areas, the
coarse-grained material may not exist consistently along the shoreline or extend into the
offshore area. For the purpose of this evaluation, the soft sediment layer was used for the
analysis of the 1.5-foot thick sand cap—this is a conservative approach.

B4-3 Settlement Analyses

This section describes the preliminary analyses that were performed to estimate cap-
induced primary consolidation settlement.

B4-3.1 Conceptual Cap Design Sections

The calculations presented herein were performed for two scenarios:

e “No Prior Dredging”: 1.5-foot-thick sand cap placed directly over soft
sediment; and

e “With Prior Dredging”: 1.5-foot-thick sand cap placed after dredging of 1.5 feet
of soft sediment.

An additional evaluation will be conducted for a third scenario: the Alternative 2
Amended reactive cap (no-prior dredging 4.5-feet-thick cap).

B4-3.2 Cap-Induced Load

The buoyant unit weight of the cap was assumed to be 70 pounds per cubic foot (pcf). For
a 1.5-foot-thick cap, this assumption results in a stress increase of 105 pounds per square
foot (psf) in the subsurface sediments and soils. For the scenario in which dredging is
performed prior to cap placement, the overall stress increase is smaller and is based on
the difference between the unit weight of the cap material and the unit weight of the
sediment. For the dredging scenario, the stress increase was estimated to be 71 psf.

B4-3.3 Sediment Properties and Layer Thicknesses

The geotechnical properties of the sediments used in this analysis were based on the
results of relevant Rl sampling available to date, and laboratory and field testing data
collected from the geotechnical reports by others. At this conceptual level of analysis,
soil parameters, including compressibility and shear strength parameters, were largely
estimated based on index properties and field observations in conjunction with
engineering judgment. A single one-dimensional consolidation test (Shannon and Wilson
1997) on a sample of organic clay and silt was available for this analysis. The
consolidation test results were used to estimate the compressibility parameters of the soft
sediment. For the Shallow Alluvium, the compressibility parameters were estimated
based on correlations with Atterberg limits. To assess the variability in settlement
estimates for a particular geologic layer, a range of compressibility parameters was
calculated based on the given range of Atterberg limits and consolidation test data.

Based on field investigations and subsequent laboratory testing conducted by others as
part of early Site investigations, some of the geologic units are best characterized by a
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range of thicknesses and/or a range of physical properties. To assess the potential range
of settlement resulting from these observed variations, three cases (termed “very high”,
“high”, and “moderate” compressibility) were evaluated to reflect varying
compressibility and geologic layer thickness. Each case used a unique set of input
parameters and a settlement estimate was developed for each case. The intent of this
evaluation is to bracket the potential range of settlement that may occur as a result of cap
construction and to estimate the potential range of differential settlements that may occur
given the heterogeneity at the Site.

The soil parameters that were assumed for the consolidation settlement analysis are
provided in Table B4-1.

Table B4-1 — Compressibility Assumptions for Settlement Calculations

] Settlement Evaluation Scenarios
Analysis
Parameter - -
Layer Lower-End Intermediate Higher-End
Assumptions | Assumptions Assumptions
Description Soft Sediment | Soft Sediment Soft Sediment
Layer Thickness in ft 10 10 15
Buoyant Unit Weight 226 226 226
L in pcf
Overconsolidation
Ratio (OCR) 1.3 1.3 1.3
Ci/(1+eo) 0.028 0.030 0.034
Ce(1+€0) 0.35 0.40 0.45
Descriotion Shallow Shallow Shallow
P Alluvium Alluvium Alluvium
Layer Thickness in ft 10 10 15
Buoyant Unit Weight 126 126 126
2 in pcf
Overconsolidation
Ratio (OCR) 1.3 1.3 1.3
Ci/(1+eo) 0.012 0.012 0.012
Cc(1+€0) 0.15 0.15 0.15
Note:

Deeper Alluvium assumed to be incompressible for the purpose of this analysis.

B4-3.4

Settlement Magnitude

Spreadsheet calculations were performed to calculate primary consolidation settlement
using the assumed subsurface profiles described in previous sections. The geologic units
were divided into sub-layers. For each layer, settlement was calculated using the
estimated modified compression index and stresses in the sediment and soils as described
in many geotechnical engineering text books (e.g., Das 2010). The sediments and soils
were assumed to be slightly overconsolidated-consolidated (overconsolidation ratio
[OCR] = 1.3). Differential settlement may occur between areas “With Prior Dredging”
and areas with “No Prior Dredging”. Differential settlements were calculated as the
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difference in primary consolidation of "No Prior Dredging™ and "With Prior Dredging".
At the interface between these two areas, differential settlement is generally expected to
be gradual, not abrupt. The edges of the dredge area can be sloped to create a more
gradual transition between the two areas. The results of the settlement calculations are
summarized in Table B4-2.

Table B4-2 — Estimated Cap-Induced Total and Differential Settlement

Estimated Total Estimated
Cap Dredge | Settlement from Worst Case
Scenario Thickness | Depth Primary Differential
in Feet in Feet | Consolidation in Settlement
Inches in Inches!
Lower-End Estimates
With Prior Dredging 15 15 4 8
No Prior Dredging 15 0 12
Intermediate Estimates
With Prior Dredging 15 15 5 9
No Prior Dredging 15 0 14
Higher-End Estimates
With Prior Dredging 15 15 6 10
No Prior Dredging 15 0 16

Notes:

General — The assumptions for the settlement calculations are summarized in Table B4-1.
1. Differential settlements were calculated as the difference in primary consolidation of "No Prior
Dredging" and "With Prior Dredging".

Bearing Capacity

A traditional bearing capacity analysis was performed to estimate the maximum lift

thickness that could be placed during construction.

B4-4.1

Method of Analysis

Appendix C of the Assessment and Remediation of Contaminated Sediments (ARCS)
Program cap design guidance manual Guidance for In-Situ Subaqueous Capping of
Contaminated Sediments (Palermo et al. 1998) describes a method of assessing stability

of a cap placed on soft sediment. Refinements to this methodology are presented in a U.S.

Army Engineer Research and Development Center Technical Note (Rollings 2000). The
method is based on the bearing capacity theory applied to a shallow foundation on a
subgrade, whereby the cap is considered a footing acting over a large area. In this case,
the footing contact pressure is calculated as the submerged unit weight of the cap

multiplied by its thickness:
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q=y h (EQ1I)
Where:

q = “footing” contact pressure in psf
y' = submerged unit weight of cap in pcf
h = cap lift thickness in ft

Due to the soft nature of the sediments to be capped, the undrained soil shear strength is
appropriate. After placement of the initial cap lift, the pore pressures will dissipate as part
of the consolidation process and the shear strength of the underlying sediment will
improve. The ultimate bearing capacity is calculated as follows:

Quit = Su N¢ (EQ2)
Where:
quit = ultimate bearing capacity in psf
Sy = undrained shear strength of sediment in psf
Nc = bearing capacity factor (Nc = 5.7 for undrained conditions (¢ = 0))
The allowable bearing capacity (Qaiow) is calculated as follows:
Callow = Quit / FS (EQ3)
Where:

FS = factor of safety for bearing capacity under short-term conditions (FS = 1.5 was
used)

By combining equations EQ 1, EQ 2, and EQ 3, the maximum lift thickness is calculated
as follows:

hmax = (Su Nc) / (FS 'Y,)
B4-4.2 Assumptions

For this preliminary bearing capacity assessment, relatively conservative assumptions
were made in terms of the undrained shear strength of the sediments to be capped. It was
assumed that the sediments to be capped are very soft. The following average undrained
strengths were assumed:

e For “No Prior Dredging”: s, = 15 psf;
e For “With Prior Dredging”: sy = 25 psf.
The cap was estimated to have a submerged unit weight of 70 pcf.

B4-4.3 Bearing Capacity Assessment Results and
Conclusions
For this preliminary assessment, the following maximum lift thicknesses were calculated:
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e For “No Prior Dredging”: hmax = 9 inches

e For “With Prior Dredging”:  hmax = 16 inches

These results are based on relatively conservative assumptions in terms of the undrained
strength of the underlying sediment. There are no existing strength data for the sediments;
therefore, the estimates of bearing capacity have significant uncertainty. Prior to design,
design-level geotechnical data should be collected to refine the analysis. Should the shear
strength of the underlying sediment actually be as low as assumed for this assessment, the
cap will need to be placed in two lifts. The thicknesses provided above are the maximum
lift thicknesses for the initial lift. Following placement of the initial lift thickness, the
underlying sediment will need to be allowed to consolidate and gain strength before
additional cap material is placed. The time between placement of the initial lift and
second lift will be estimated during design based on design-level data. If the sediment is
stronger than estimated herein, it may be possible to place the cap in one lift. Generally,
the cap will need to be built up gradually to the maximum lift thickness before
construction is stopped to allow consolidation to occur. If the sediment is very soft, it
may be advisable to first place a geotextile fabric to provide additional support.

B4-5 Seismic Considerations

The seismic hazard at the Site, particularly in the upland setting, has been analyzed and
discussed by others (Aspect 2009). The conclusions of the upland studies are based on
current building codes. Building codes are generally not directly applicable to earthen
structures. No guidance currently exists for seismic considerations for environmental
cleanup projects and sediment capping projects in particular. However, for some
Comprehensive Environmental Response, Compensation, and Liability Act (CERLCA)
projects, a design seismic event with a 10% probability of exceedance in 50 years (475-
year return period) has been used. This level of event seems appropriate and originated
from port facility design where it was referred to as the Contingency Level Event (CLE).
Per the 2008 U.S. Geological Survey seismic hazard maps (Kramer 2008), the peak
ground acceleration for rock outcrop associated with the 475-year eventis 0.3 g (g =
acceleration of gravity). Some amplification is to be expected due to the soft soils at the
Site. Under this event, some liquefaction of the sand cap and some of the underlying soils
is possible. The consequences of seismic shaking will need to be evaluated during design.
Generally, the in-water slopes to be capped are fairly gentle (approximately 10H:1V).
Seismic stability of an in situ sediment cap was assessed for the Palos Verdes Shelf off
the coast of Los Angeles, California (USACE 1999). For the Palos Verdes site, it was
concluded that a sand cap would be reasonably stable on slopes of 5 degrees or less; this
is generally similar to the conditions at the Site. Analyses to be performed during design
may indicate that some form of stabilization will be required. Stabilization may consist of
a terraced configuration with “rock ribs” between sediment cap terraces. The rock ribs
would reduce lateral movement of the cap and reduce the need for repairs after a
significant seismic event. Some settlement may also occur as a result of seismic
liquefaction. Generally, sediment caps should be inspected after significant seismic
events and repairs performed as necessary.
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B4-6 Considerations for Amended Sand Cap

Alternative 2 includes a 4.5-foot-thick amended sand reactive cap that would be placed in
dredge area DA-6. This cap consists of the following layers (from top to bottom):

e 0.5 feet of aquatic habitat friendly material
e 2 feet of clean sand
e 2 feet of sand (90%) and organoclay (10%) mix

The individual layer and overall thicknesses are nominal for FS purposes. The final
thicknesses would be defined during design.

The amended sand cap covers a nearshore area that is approximately 240 feet long by 140
feet wide. Based on existing subsurface exploration data presented in the Remedial
Investigation report (Appendix E; Anchor QEA and Aspect 2012), the area closest to
the shoreline is underlain predominantly by sand. The assumption that sandy subsurface
conditions exist under the amended sand cap is different from the subsurface conditions
assumed for the 1.5-foot sand cap provided in Section B4-3.3. Explorations advanced
outside of dredge area DA-6 indicate the existence of soft sediments that would likely
settle significantly under the weight of the cap. Thus, the assumptions for the 1.5-foot cap
may be valid further offshore.

For the 4.5-foot cap, the sand along the shoreline is expected to provide sufficient bearing
capacity and will not compress significantly. The transition from sandy subsurface
conditions to softer conditions will need to be delineated further during design based on
additional subsurface explorations. The 4.5-foot cap will need to be properly engineered
during design to account for the actual subsurface conditions. If the 4.5-foot cap is to be
placed on soft sediments, it may be necessary to use high-strength geotextile to improve
bearing capacity. Settlement may also occur over time and the 4.5-foot cap thickness may
need to be replenished over time. However, in general, cap material placed on sand in the
area along the shoreline is not expected to settle significantly. Therefore, the creation of
shallow-water habitat in these areas is anticipated to be feasible and not expected to be
affected by settlement.

B4-7 Conclusions

A series of geotechnical evaluations were performed to assess the constructability and
stability of caps that may be constructed at the Site. Evaluations were also performed to
estimate the amount of primary consolidation settlement that may be expected following
placement of a subaqueous cap. Based on these evaluations, a subaqueous cap is
generally considered feasible under the conditions that were evaluated herein. Caps
constructed over soft sediments generally need to be placed in thin lifts; this will require
the use of special construction techniques (e.g., the use of a spreader box). For cap
design, it will be necessary to collect additional geotechnical data to better characterize
the sediments and soils in the capping areas, in terms of shear strength, stress history, and
compressibility. Additional geotechnical design analyses will need to be performed,
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particularly to assess the seismic stability of the cap. It may be necessary to install
stabilizing measures such as rock ribs to improve seismic performance. Lastly, it should
be noted that caps generally need to be monitored to assess their performance. If
deficiencies are discovered during monitoring events, repairs may be needed. An
inspection should be performed following a significant seismic event and repairs
performed as necessary. Costs associated with monitoring and repairs need to be included
in cost estimates, and funds for monitoring and repairs set aside if capping is selected.

Additionally, some alternatives include thinner physical isolation caps (e.g., 6 inches of
sand) and a reactive cap consisting of an organoclay reactive core mat (RCM) overlain by
approximately 6 inches of sand cap. Although, these caps were not specifically addressed
in the evaluations above, settlement is expected to be less than the calculated settlement
estimates presented above; therefore, they are generally considered feasible. RCMs also
typically include the use of geosynthetic materials that can improve cap performance in
terms of stability and differential settlement. Geosynthetic materials such as geotextiles
may be added to sand caps to improve stability, provide separation between contaminated
sediment and the cap, and provide demarcation to allow easier cap monitoring.
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B5-1 Introduction and Background

Several of the remedial alternatives presented in this Feasibility Study (FS) for the
Quendall Terminals Site (Site) include the use of a temporary sheet pile enclosure. As
part of this FS, preliminary analyses were performed to select appropriate sheet pile
sections and lengths for the various alternatives.

Dredging of nearshore sediments to various depths is included in 7 of the 10 alternatives
presented in the FS. The various wall alignments are shown on the figures in the main
text. For each of these 7 alternatives, a temporary sheet pile wall would isolate the
nearshore dredge area from the open water of Lake Washington. Dredging within the
enclosure would be performed with barge-mounted equipment and potentially land-based
equipment along the shoreline where there may not be adequate draft for a barge.

B5-2 General Conditions

B5-2.1 Lake Water Levels

Lake Washington water levels are controlled by the Ship Canal Locks and do not vary
significantly, generally only by 2 feet over the year. The lake is raised up to a targeted
high water elevation of 18.67 feet NAVDA88 in the summer months and low water
elevation of 16.67 feet NAVDB88 in the winter. A water level of elevation 18.67 feet
NAVD88 was assumed for analysis purposes.

B5-2.2 Generalized Subsurface Conditions

Subsurface conditions used for this analysis were based in part on a review of existing
geotechnical engineering reports for the Site (Aspect 2009). Geotechnical borings logs
and sediment core logs collected as part of the Remedial Investigation (RI) (Anchor QEA
and Aspect 2012), as well as laboratory data, and historical geotechnical borings by
others (Twelker and Associates 1973, Shannon and Wilson 1997) were also used in
assessing subsurface conditions and properties.

The following major geologic units were encountered at the Site, from the ground
surface, or mudline, downward:

¢ Soft Sediments. The uppermost geologic unit consists of soft, dark brown, highly
plastic sediments with varying proportions of clay, silt, and peat. Explorations
indicate that this layer is 5 to 15 feet thick. Blow counts in this layer were
generally 0 to 2 blows per foot.

e Shallow Alluvium. This layer is characterized as a loose to medium dense sand
with interbedded clay and silt, and has been interpreted to be a Shallow Alluvium
layer. The thickness of the Shallow Alluvium appears to be greatest toward shore,
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approximately 10 to 20 feet, and thins offshore to approximately 5 feet thick. The
Shallow Alluvium is typically loose to medium dense with density increasing
with depth. Significant amounts of organic sediments were generally not
observed in this layer.

e Deeper Alluvium. The Deeper Alluvium consists of medium dense to dense,
coarse sand and gravel. For the purposes of cap stability, this layer is generally
below the depth of interest.

Based on visual observations of the nearshore surface sediment, there is some coarse-
grained material (silty sand) present along the shoreline. However, the coarse-grained
material may not extend beyond the surface or into the offshore area. For the purpose of
this evaluation the soft sediment layer was used for the analysis—this is a conservative
approach.

B5-3 Methodologies

B5-3.1 Method of Analysis

The public domain computer program ProSheet (developed by Arbed) was used to
perform the sheet pile wall analyses. ProSheet uses the Blum theory to calculate
embedment depths, wall deflections, forces, and bending moments.

B5-3.2 Earth Pressure Calculations

Active and passive earth pressures were used for the geotechnical design of the enclosure
walls. Earth pressures were calculated using Coulomb earth pressure theory (ASCE
1996).

Earth pressures for drained (long-term loading) analyses were calculated by multiplying
the effective vertical stress of the soil by the appropriate earth pressure coefficient. Earth
pressure coefficients were calculated using Coulomb earth pressure theory for active and
passive pressures. For drained analyses, the soil’s angle of internal friction and an
appropriate wall friction angle were used to calculate the earth pressure coefficients. Soil
parameters used for design are provided in subsequent sections of this memorandum.

Earth pressures for undrained (short-term loading) analyses were calculated as follows:

Active: Oa = G’v - ZSU
Passive: Gp=0G"v+ 25,
Where:

ca = active lateral earth pressure
o’v = effective vertical stress
Sy = undrained shear strength

op = passive lateral earth pressure
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Using the above equation for calculation of the active earth pressure, the active pressure
could become negative at low effective vertical stresses. Where the calculated active
pressure was negative, the active pressure was assumed to be equal to zero. Undrained
shear strength and unit weights that were used for the soils are provided in subsequent
sections of this memorandum.

B5-3.3 Calculation of Design Soil Shear Strength for
Passive Earth Pressures

Wall stability calculations were performed using both drained and undrained analyses.
Soil parameters assumed for the analyses are provided later in this appendix. For
calculation of embedment depths required for wall stability, factors of safety were
applied to the soil strength used for calculation of passive earth pressures. No factors of
safety were applied to active earth pressures.

Design shear strength parameters used for calculation of passive earth pressures were
calculated as follows:

e Undrained Strength:  Sudesign = Su/ FSp
e Drained Strength: tan (Qdesign) = tan (@) / FSp

Where:
Su = undrained shear strength
¢ = angle of internal friction (drained strength parameter)

FS, = factor of safety applied to soil strength prior to calculation of passive
earth pressures

B5-3.4 Factors of Safety

Using guidelines provided in the Design of Sheet Pile Walls (ASCE 1996), factors of
safety for calculation of wall embedment depths were selected based on the loading case,
type of loading, and type of soil. The walls were designed using usual, unusual, and
extreme loading cases per USACE design procedures (ASCE 1996). These loading cases
correlate with the likeliness for the load to occur. More severe and less likely loading
cases are generally assigned smaller factors of safety than less severe loading cases that
occur regularly under normal operating conditions. Table B5-1 lists the factors of safety
used for passive earth pressure calculations.

Table B5-1 — Factors of Safety

Loading Case FSp
Usual 15
Unusual 1.25
Extreme 1.1

Note: FS, = factor of safety applied to soil strength prior to
calculation of passive earth pressures
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B5-3.5 Forces and Moments for Structural Des